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Acute ischemic stroke is treatable. Rapidly evolving
imaging technology is revolutionizing the manage-
ment of the acute stroke patient, and the field of acute
stroke therapy is undergoing positive change. This
book is intended as a guide for a wide variety of cli-
nicians who are involved in the care of acute stroke
patients, and is a compendium on how acute stroke
patients are imaged and managed at the Massachu-
setts General Hospital (MGH). The approaches delin-
eated in this book derive from the published experi-
ences of many groups, and the crucible of caring for
thousands of acute stroke patients at the MGH. It is
the result of the clinical experiences of the emergency
department physicians, neurologists, neuroradiolo-
gists, and interventional neuroradiologists that com-
prise the acute stroke team.

This book focuses on hyperacute ischemic stroke,
which we define operationally as that early period
after stroke onset when a significant portion of
threatened brain is potentially salvageable. The 
time period this encompasses will depend on many
factors; it may only be a few minutes in some indi-
viduals or greater than 12 hours in others. In most
people, this hyperacute period will encompass 
less than 6 hours when intervention is usually most
effective.

The authors believe that patients with acute is-
chemic stroke can benefit most from the earliest pos-
sible definitive diagnosis and rapid, appropriate
treatment. In the setting of hyperacute stroke, imag-
ing plays a vital role in the assessment of patients.
The most recent advances in imaging can identify the
precise location of the occluded vessel, estimate the
age of the infarcted core, and estimate the area at risk
or the ‘ischemic penumbra’. This book will cover

these modern imaging modalities; advanced com-
puted tomography and magnetic resonance methods
are considered in detail. These two modalities are
emphasized because of their widespread availability
and the rapid development of their capacities in the
diagnosis of stroke. Only brief mention is made of
other modalities because they are less widely avail-
able and less commonly used in the evaluation of hy-
peracute stroke patients.

Another major aspect of this book is the use of
standard and developing interventions that aim to
limit the size of a cerebral infarct and prevent its
growth. With the approval of intravenous therapy
using recombinant tissue plasminogen activator 
(rt-PA), this treatment is now in use throughout the
United States, Canada, and Europe. Although this is 
a major advance in the treatment of acute stroke, the
3-hour ‘window’ for rt-PA makes this therapy suitable
for only a minority of patients. Studies have indicat-
ed that intra-arterial thrombolysis is also effective 
in patients in a wider window up to 6 hour. More 
recently, phase II clinical studies have shown that 
intravenous therapy with a new fibrinolytic agent
may be effective up to 9 hours after ischemic stroke
onset in patients selected using imaging criteria.
Thus, this approach is potentially available to many
more individuals. Finally, a wide variety of novel and
innovative new devices are being developed to me-
chanically recanalize the occluded vessel. It is likely
that these devices will come into clinical use in the
near future. The authors hope that their experiences
as summarized in these pages are of value to the
reader and, ultimately, the acute stroke patient.

R. Gilberto González
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1.1 Introduction

Since the late 1980s, basic science research in the field
of stroke has elucidated multiple pathways of cellular
injury and repair after cerebral ischemia, resulting in
the identification of several promising targets for
neuroprotection. A large number of neuroprotective
agents have been shown to reduce stoke-related dam-
age in animal models. To date, however, no single
agent has achieved success in clinical trials. Never-
theless, analysis of the reasons behind the failure of
recent drug trials, combined with the success of clot-
lysing drugs in improving clinical outcome, has re-
vealed new potential therapeutic opportunities and
raised expectations that successful stroke treatment
will be achieved in the near future. In this chapter we
first highlight the major mechanisms of neuronal in-
jury, emphasizing those that are promising targets for
stroke therapy.We then discuss the influence of these
pathways on white matter injury, and briefly review
the emerging concept of the neurovascular unit.
Finally, we review emerging strategies for treatment
of acute ischemic stroke.

1.2 Mechanisms of Ischemic Cell Death

Ischemic stroke compromises blood flow and energy
supply to the brain, which triggers at least five funda-
mental mechanisms that lead to cell death: excito-
toxicity and ionic imbalance, oxidative/nitrative
stress, inflammation, apoptosis, and peri-infarct de-
polarization (Fig. 1.1). These pathophysiological
processes evolve in a series of complex spatial and
temporal events spread out over hours or even days
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Fig. 1.2

Putative cascade of damaging events in focal cerebral
ischemia. Very early after the onset of the focal perfu-
sion deficit, excitotoxic mechanisms can damage neu-
rons and glia lethally. In addition, excitotoxicity triggers
a number of events that can further contribute to the
demise of the tissue. Such events include peri-infarct
depolarizations and the more-delayed mechanisms of
inflammation and programmed cell death. The x-axis
reflects the evolution of the cascade over time, while
the y-axis aims to illustrate the impact of each element
of the cascade on the final outcome. (From Dirnagel 
et al., Trends Neurosci 1999; 22: 391–397)

Figure 1.1

Major pathways implicated in ischemic cell death: excitotoxicity, ionic imbalance, oxidative and nitrative stresses, and
apoptotic-like mechanisms.There is extensive interaction and overlap between multiple mediators of cell injury and cell
death. After ischemic onset, loss of energy substrates leads to mitochondrial dysfunction and the generation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS). Additionally, energy deficits lead to ionic imbalance, and exci-
totoxic glutamate efflux and build up of intracellular calcium. Downstream pathways ultimately include direct free radi-
cal damage to membrane lipids, cellular proteins, and DNA, as well as calcium-activated proteases, plus caspase cascades
that dismantle a wide range of homeostatic, reparative, and cytoskeletal proteins. (From Lo et al., Nat Rev Neurosci 2003,
4: 399–415)
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(Fig. 1.2), have overlapping and redundant features,
and mediate injury within neurons, glial cells, and
vascular elements [1]. The relative contribution of
each process to the net stroke-related injury is graph-
ically depicted in Fig. 1.2. Within areas of severely re-
duced blood flow – the “core” of the ischemic territo-
ry – excitotoxic and necrotic cell death occurs within
minutes, and tissue undergoes irreversible damage in
the absence of prompt and adequate reperfusion.
However, cells in the peripheral zones are supported
by collateral circulation, and their fate is determined
by several factors including the degree of ischemia
and timing of reperfusion. In this peripheral region,
termed the “ischemic penumbra,” cell death occurs
relatively slowly via the active cell death mechanisms
noted above; targeting these mechanisms provides
promising therapeutic opportunities.

1.2.1 Excitotoxicity and Ionic Imbalance

Ischemic stroke results in impaired cellular energy
metabolism and failure of energy-dependent pro-
cesses such as the sodium-potassium ATPase. Loss of
energy stores results in ionic imbalance, neurotrans-
mitter release, and inhibition of the reuptake of exci-
tatory neurotransmitters such as glutamate. Gluta-
mate binding to ionotropic N-methyl-D-aspartate
(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid (AMPA) receptors promotes ex-
cessive calcium influx that triggers a wide array of
downstream phospholipases and proteases, which in
turn degrade membranes and proteins essential for
cellular integrity. In experimental models of stroke,
extracellular glutamate levels increase in the micro-
dialysate [2, 3], and glutamate receptor blockade at-
tenuates stroke lesion volumes. NMDA receptor an-
tagonists prevent the expansion of stroke lesions in
part by blocking spontaneous and spreading depo-
larizations of neurons and glia (cortical spreading
depression) [4]. More recently, activation of the
metabotropic subfamily of receptors has been impli-
cated in glutamate excitotoxicity [5].

Up- and downregulation of specific glutamate re-
ceptor subunits contribute to stroke pathophysiology
in different ways [6]. For example, after global cere-
bral ischemia, there is a relative reduction of calcium-

impermeable GluR2 subunits in AMPA-type recep-
tors, which makes these receptors more permeable to
deleterious calcium influx [7]. Antisense knockdown
of calcium-impermeable GluR2 subunits significant-
ly increased hippocampal injury in a rat model of
transient global cerebral ischemia, confirming the
importance of these regulatory subunits in mediating
neuronal vulnerability [8]. Variations in NMDA re-
ceptor subunit composition can also have an impact
on tissue outcome. Knockout mice deficient in the
NR2A subunit show decreased cortical infarction
after focal stroke [9]. Medium spiny striatal neurons,
which are selectively vulnerable to ischemia and ex-
citotoxicity, preferentially express NR2B subunits
[10]. Depending upon the subtype, metabotropic glu-
tamate receptors can trigger either pro-survival or
pro-death signals in ischemic neurons [5]. Under-
standing how the expression of specific glutamate re-
ceptor subunits modifies cell survival should stimu-
late the search for stroke neuroprotective drugs that
selectively target specific subunits.

Ionotropic glutamate receptors also promote per-
turbations in ionic homeostasis that play a critical
role in cerebral ischemia. For example, L-, P/Q-, and
N-type calcium channel receptors mediate excessive
calcium influx, and calcium channel antagonists
reduce ischemic brain injury in preclinical studies
[11–13]. Zinc is stored in vesicles of excitatory
neurons and co-released upon depolarization after
focal cerebral ischemia, resulting in neuronal death
[14, 15]. Recently, imbalances in potassium have 
also been implicated in ischemic cell death. Com-
pounds that selectively modulate a class of calcium-
sensitive high-conductance potassium (maxi-K)
channels protect the brain against stroke in animal
models [16].

1.2.2 Oxidative and Nitrative Stress

Reactive oxygen species (ROS) such as superoxide
and hydroxyl radicals are known to mediate reperfu-
sion-related tissue damage in several organ systems
including the brain, heart, and kidneys [17]. Oxygen
free radicals are normally produced by the mito-
chondria during electron transport, and, after is-
chemia, high levels of intracellular Ca2+, Na+, and



Chapter  14 A.B. Singhal · E.H. Lo · T. Dalkara · M.A. Moskowitz

ADP stimulate excessive mitochondrial oxygen radi-
cal production. Oxygen radical production may be
especially harmful to the injured brain because levels
of endogenous antioxidant enzymes [including su-
peroxide dismutase (SOD), catalase, glutathione],
and antioxidant vitamins (e.g., alpha-tocopherol, and
ascorbic acid) are normally not high enough to
match excess radical formation. After ischemia-
reperfusion, enhanced production of ROS over-
whelms endogenous scavenging mechanisms and
directly damages lipids, proteins, nucleic acids, and
carbohydrates. Importantly, oxygen radicals and ox-
idative stress facilitate mitochondrial transition pore
(MTP) formation, which dissipates the proton motive
force required for oxidative phosphorylation and
ATP generation [18]. As a result, mitochondria re-
lease apoptosis-related proteins and other con-
stituents within the inner and outer mitochondrial
membranes [19]. Upon reperfusion and renewed tis-
sue oxygenation, dysfunctional mitochondria may
generate oxidative stress and MTP formation. Oxy-
gen radicals are also produced during enzymatic
conversions such as the cyclooxygenase-dependent
conversion of arachidonic acid to prostanoids and
degradation of hypoxanthine, especially upon reper-
fusion. Furthermore, free radicals are also generated
during the inflammatory response after ischemia
(see below). Not surprisingly then, oxidative stress,
excitotoxicity, energy failure, and ionic imbalances
are inextricably linked and contribute to ischemic
cell death.

Oxidative and nitrative stresses are modulated 
by enzyme systems such as SOD and the nitric oxide
synthase (NOS) family. The important role of SOD in
cerebral ischemia is demonstrated in studies showing
that mice with enhanced SOD expression show re-
duced injury after cerebral ischemia whereas those
with a deficiency show increased injury [20–23]. Sim-
ilarly, in the case of NOS, stroke-induced injury is at-
tenuated in mice with deficient expression of the neu-
ronal and inducible NOS isoforms [24, 25]. NOS acti-
vation during ischemia increases the generation of
NO production, which combines with superoxide to
produce peroxynitrite, a potent oxidant [26]. The
generation of NO and oxidative stress is also linked to
DNA damage and activation of poly(ADP-ribose)

polymerase-1 (PARP-1), a nuclear enzyme that facili-
tates DNA repair and regulates transcription [27].
PARP-1 catalyzes the transformation of b-nicoti-
namide adenine dinucleotide (NAD+) into nicoti-
namide and poly(ADP-ribose). In response to DNA
strand breaks, PARP-1 activity becomes excessive
and depletes the cell of NAD+ and possibly ATP.
Inhibiting PARP-1 activity or deleting the parp-1
gene reduces apoptotic and necrotic cell death [28,
29], pointing to the possible relevance of this enzyme
as a target for stroke therapy.

1.2.3 Apoptosis

Apoptosis, or programmed cell death [30], is charac-
terized histologically by cells positive for terminal-
deoxynucleotidyl-transferase-mediated dUTP nick
end labeling (TUNEL) that exhibit DNA laddering.
Necrotic cells, in contrast, show mitochondrial and
nuclear swelling, dissolution of organelles, nuclear
chromatin condensation, followed by rupture of nu-
clear and cytoplasmic membranes, and the degrada-
tion of DNA by random enzymatic cuts. Cell type, cell
age, and brain location render cells more or less re-
sistant to apoptosis or necrosis. Mild ischemic injury
preferentially induces cell death via an apoptotic-like
process rather than necrosis, although “aponecrosis”
more accurately describes the pathology.

Apoptosis occurs via caspase-dependent as well as
caspase-independent mechanisms (Fig. 1.3). Caspas-
es are protein-cleaving enzymes (zymogens) that be-
long to a family of cysteine aspartases constitutively
expressed in both adult and especially newborn brain
cells, particularly neurons. Since caspase-dependent
cell death requires energy in the form of ATP, apopto-
sis predominantly occurs in the ischemic penumbra
(which sustains milder injury) rather than in the
ischemic core, where ATP levels are rapidly depleted
[31]. The mechanisms of cleavage and activation 
of caspases in human brain are believed to be similar
to those documented in experimental models of
stroke, trauma, and neurodegeneration [32]. Apopto-
genic triggers [33] include oxygen free radicals [34],
Bcl2, death receptor ligation [35], DNA damage, and
possibly lysosomal protease activation [36]. Several
mediators facilitate cross communication between



Chapter  1 5Ischemic Stroke

cell death pathways [37, 38], including the calpains,
cathepsin B [39], nitric oxide [40, 41], and PARP 
[42]. Ionic imbalances, and mechanisms such as
NMDA receptor-mediated K+ efflux, can also trigger
apoptotic-like cell death under certain conditions
[43, 44]. This inter-relationship between glutamate
excitotoxicity and apoptosis presents an opportunity
for combination stroke therapy targeting multiple
pathways.

The normal human brain expresses caspases-1, -3,
-8, and -9, apoptosis protease-activating factor 1
(APAF-1), death receptors, P53, and a number of Bcl2
family members, all of which are implicated in apop-
tosis. In addition, the tumor necrosis factor (TNF)
superfamily of death receptors powerfully regulates
upstream caspase processes. For example, ligation of
Fas induces apoptosis involving a series of caspases,
particularly procaspase-8 and caspase-3 [45]. Cas-

Figure 1.3

Cell death pathways relevant to an apoptotic-like mechanism in cerebral ischemia. Release of cytochrome c (Cyt. c) from
the mitochondria is modulated by pro- as well as anti-apoptotic Bcl2 family members. Cytochrome c release activates
downstream caspases through apoptosome formation (not shown) and caspase activation can be modulated by
secondary mitochondria-derived activator of caspase (Smac/Diablo) indirectly through suppressing protein inhibitors of
apoptosis (IAP).Effector caspases (caspases 3 and 7) target several substrates,which dismantle the cell by cleaving home-
ostatic, cytoskeletal, repair, metabolic, and cell signaling proteins. Caspases also activate caspase-activated deoxyribonu-
clease (CAD) by cleavage of an inhibitor protein (ICAD). Caspase-independent cell death may also be important. One
mechanism proposes that poly-ADP(ribose)polymerase activation (PARP) promotes the release of apoptosis-inducing
factor (AIF), which translocates to the nucleus, binds to DNA, and promotes cell death through a mechanism that awaits
clarification. (From Lo et al., Nat Rev Neurosci 2003, 4: 399–415)
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pase-3 has a pivotal role in ischemic cell death. Cas-
pase-3 cleavage occurs acutely in neurons and it ap-
pears in the ischemic core as well as penumbra early
during reperfusion [46]. A second wave of caspase
cleavage usually follows hours to days later, and
probably participates in delayed ischemic cell death.
Emerging data suggest that the nucleus – traditional-
ly believed to be simply the target of apoptosis – is in-
volved in releasing signals for apoptosis. However,
the mitochondrion plays a central role in mediating
apoptosis [47, 48]. Mitochondria possess membrane
recognition elements for upstream proapoptotic sig-
naling molecules such as Bid, Bax, and Bad. Four mi-
tochondrial molecules mediate downstream cell-
death pathways: cytochrome c, secondary mitochon-
dria-derived activator of caspase (Smac/Diablo),
apoptosis-inducing factor, and endonuclease G 
[49]. Apoptosis-inducing factor and endonuclease G
mediate caspase-independent apoptosis, which is dis-
cussed below. Cytochrome c and Smac/Diablo medi-
ate caspase-dependent apoptosis. Cytochrome c
binds to Apaf-1, which, together with procaspase-9,
forms the “apoptosome,” which activates caspase-9.
In turn, caspase-9 activates caspase-3. Smac/Diablo
binds to inhibitors of activated caspases and causes
further caspase activation. Upon activation, execu-
tioner caspases (caspase-3 and -7) target and degrade
numerous substrate proteins including gelsolin,
actin, PARP-1, caspase-activated deoxyribonuclease
inhibitor protein (ICAD), and other caspases, ulti-
mately leading to DNA fragmentation and cell death
(Fig. 1.3).

Caspase-independent apoptosis was recently rec-
ognized to play an important role in cell death and
probably deserves careful scrutiny as a novel thera-
peutic target for stroke. NMDA receptor perturba-
tions activate PARP-1, which promotes apoptosis-in-
ducing factor (AIF) release from the mitochondria
[42]. AIF then relocates to the nucleus, binds DNA,
promotes chromatin condensation, and kills cells by
a complex series of events. Cell death by AIF appears
resistant to treatment with pan-caspase inhibitors
but can be suppressed by neutralizing AIF before its
nuclear translocation.

A number of experimental studies have shown
that caspase inhibition reduces ischemic injury [50].

Caspase-3 inhibitors [51], gene deletions of Bid or
caspase-3 [52], and the use of peptide inhibitors, viral
vector-mediated gene transfer, and antisense oligo-
nucleotides that suppress the expression and activity
of apoptosis genes have all been found to be neuro-
protective [50]. However, caspase inhibitors do not
reduce infarct size in all brain ischemia models,
perhaps related to the greater severity of ischemia,
limited potency or inability of the agent to cross the
blood–brain barrier, relatively minor impact of
apoptosis on stroke outcome, and upregulation of
caspase-independent or redundant cell death path-
ways. Ultimately, it may be necessary to combine cas-
pase inhibitors and other inhibitors of apoptosis with
therapies directed towards other pathways, for suc-
cessful neuroprotection.

1.2.4 Inflammation

Inflammation is intricately related to the onset of
stroke, and to subsequent stroke-related tissue dam-
age. Inflammation within the arterial wall plays a
vital role in promoting atherosclerosis [53, 54]. Arte-
rial thrombosis (usually associated with ulcerated
plaques) is triggered by multiple processes involving
endothelial activation, as well as pro-inflammatory
and pro-thrombotic interactions between the vessel
wall and circulating blood elements. Elevated stroke
risk has been linked to high levels of serologic mark-
ers of inflammation such as C-reactive protein [55],
erythrocyte sedimentation rate (ESR), interleukin-6,
TNF-a and soluble intercellular adhesion molecule
(sICAM) [56]. These events are promoted in part by
the binding of cell adhesion molecules from the
selectin and immunoglobulin gene families ex-
pressed on endothelial cells to glycoprotein receptors
expressed on the neutrophil surface. As evidence,
reduced ischemic infarction is observed in ICAM-1
knockout mice, and infarction volumes are increased
in mice that overexpress P-selectin [57, 58]. The pro-
inflammatory molecule P-selectin is expressed on
vascular endothelium within 90 min after cerebral
ischemia, ICAM-1 by 4 h, and E-selectin by 24 h [59].
Inhibiting both selectin adhesion molecules and acti-
vation of complement reduces brain injury and sup-
presses neutrophil and platelet accumulation after
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focal ischemia in mice [60]. In humans, neutrophil
and complement activation significantly worsened
outcomes in a clinical trial using humanized mouse
antibodies directed against ICAM (Enlimomab) [61].
Hence, the complexities of interactions between mul-
tiple pathways will have to be carefully considered for
optimal translation to the clinic.

Ischemic stroke-related brain injury itself triggers
inflammatory cascades within the parenchyma that
further amplify tissue damage [1, 59]. As reactive mi-
croglia, macrophages, and leukocytes are recruited
into ischemic brain, inflammatory mediators are
generated by these cells as well as by neurons and
astrocytes. Inducible nitric oxide synthase (iNOS),
cyclooxygenase-2 (COX-2), interleukin-1 (IL-1), and
monocyte chemoattractant protein-1 (MCP-1) are
key inflammatory mediators, as evidenced by attenu-
ated ischemic injury in mutant mice with targeted
disruption of their genes [1, 62–65]. Initially after oc-
clusion, there is a transient upregulation of immedi-
ate early genes encoding transcription factors (e.g.,
c-fos, c-jun) that occurs within minutes. This is fol-
lowed by a second wave of heat shock genes (e.g.,
HSP70, HSP72) that increase within 1–2 h and then
decrease by 1–2 days. Approximately 12–24 h after a
stroke, a third wave comprised of chemokines and
cytokines is expressed (e.g., IL-1, IL-6, IL-8, TNF-a,
MCP-1, etc.). It is not known whether these three
waves are causally related. Nevertheless, therapies
that seek to target these pathways need to be careful-
ly timed to match the complex temporal evolution of
tissue injury.

Inflammatory cascades stimulate both detrimen-
tal and potentially beneficial pathways after ischemia.
For example, administering TNF-a-neutralizing an-
tibodies reduces brain injury after focal ischemia in
rats [66], whereas ischemic injury increases in TNF
receptor knockout mice [67]. In part, these contrast-
ing results may reflect signal transduction cascades
activated by TNF-R1 and TNF-R2; with TNF-R1 aug-
menting cell death and TNF-R2 mediating neuropro-
tection [68]. Similarly, the peptide vascular endothe-
lial growth factor (VEGF) exacerbates edema in the
acute phase of cerebral ischemia but promotes vascu-
lar remodeling during stroke recovery [69]. Ultimate-
ly, the net effect of these mediators depends upon the

stage of tissue injury or the predominance of a single
signaling cascade among multiple divergent path-
ways.

1.2.5 Peri-infarct Depolarizations

Brain tissue depolarizations after ischemic stroke are
believed to play a vital role in recruiting adjacent
penumbral regions of reversible injury into the core
area of infarction. Cortical spreading depression
(CSD) is a self-propagating wave of electrochemical
activity that advances through neural tissues at a rate
of 2–5 mm/min, causing prolonged (1–5 min) cellular
depolarization, depressed neuro-electrical activity,
potassium and glutamate release into adjacent tissue
and reversible loss of membrane ionic gradients. CSD
is associated with a change in the levels of numerous
factors including immediate early genes, growth fac-
tors, and inflammatory mediators such as inter-
leukin-1b and TNF-a [70]. CSD is a reversible phe-
nomenon,and,while implicated in conditions such as
migraine, reportedly does not cause permanent tis-
sue injury in humans. In severely ischemic regions,
energy failure is so profound that ionic disturbances
and simultaneous depolarizations become perma-
nent, a process termed anoxic depolarization [71]. In
penumbral regions after stroke, where blood supply
is compromised, spreading depression exacerbates
tissue damage, perhaps due to the increased energy
requirements for reestablishing ionic equilibrium in
the metabolically compromised ischemic tissues. In
this context, spreading depression waves are referred
to as peri-infarct depolarizations (PIDs) [4], reflect-
ing their pathogenic role and similarity to anoxic
depolarization.

PIDs have been demonstrated in mice, rat, and cat
stroke models [72, 73]; however, their relevance to
human stroke pathophysiology remains unclear. In
the initial 2–6 h after experimental stroke, PIDs result
in a step-wise increase in the region of core-infarcted
tissue into adjacent penumbral regions [74, 75], and
the incidence and total duration of spreading depres-
sion is shown to correlate with infarct size [76].
Recent evidence suggests that PIDs contribute to the
expansion of the infarct core throughout the period
of infarct maturation [77]. Inhibition of spreading
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depression using pharmaceutical agents such as
NMDA or glycine antagonists [77, 78], or physiologi-
cal approaches such as hypothermia [79], could be an
important strategy to suppress the expansion of an
ischemic lesion.

1.3 Grey Matter Versus White Matter Ischemia

In addition to the size of the stroke, its location, and
the relative involvement of gray versus white matter
are key determinants of outcome. For example, small
white matter strokes often cause extensive neurolog-
ic deficits by interrupting the passage of large axonal
bundles such as those within the internal capsule.
Blood flow in white matter is lower than in gray mat-
ter, and white matter ischemia is typically severe,
with rapid cell swelling and tissue edema because
there is little collateral blood supply in deep white
matter. Moreover, cells within the gray and white
matter have different susceptibilities to ischemic in-
jury. Amongst the neuronal population, well-defined
subsets (the CA1 hippocampal pyramidal neurons,
cortical projection neurons in layer 3, neurons in dor-
solateral striatum, and cerebellar Purkinje cells) are
particularly susceptible and undergo selective death
after transient global cerebral ischemia [80]. The ma-
jor cell types composing the neurovascular module
within white matter include the endothelial cell,
perinodal astrocyte, axon, oligodendrocyte, and
myelin. In general, oligodendrocytes are more vul-
nerable than astroglial or endothelial cells.

There are important differences in the pathophys-
iology of white matter ischemia as compared to that
of gray matter, which have implications for therapy
[81]. In the case of excitotoxicity, since the white
matter lacks synapses, neurotransmitter release from
vesicles does not occur despite energy depletion and
neurotransmitter accumulation. Instead, there is
reversal of Na+-dependent glutamate transport [82],
resulting in glutamate toxicity with subsequent
AMPA receptor activation, and excessive accumula-
tion of calcium, which in turn activates calcium-de-
pendent enzymes such as calpain, phospholipases,
and protein kinase C, resulting in irreversible injury.
The distinct lack of AMPA receptors expressing calci-

um-impermeable GluR2 subunits may make oligo-
dendroglia particularly vulnerable to excitotoxic in-
jury [83]. In the case of oxidative stress-induced
white matter injury, the severity of injury appears to
be greater in large axons as compared to small axons
[80], although the mechanisms underlying these dif-
ferences need further study. Despite these differences
between gray and white matter injury, several com-
mon cascades of injury do exist. Damaged oligoden-
drocytes express death signals such as TNF and Fas
ligand, and recruit caspase-mediated apoptotic-like
pathways [84]. Degradation of myelin basic protein
by matrix metalloproteinases (MMPs) [85], and
upregulation of MMPs in autopsied samples from pa-
tients with vascular dementia [86] suggest that prote-
olytic pathways are also recruited in white matter.
These pathways might serve as common targets for
stroke therapy.

1.4 The Neurovascular Unit

In July 2001, the National Institutes of Neurological
Disorders and Stroke convened the Stroke Program
Review Group (SPRG) [87] to advise on directions for
basic and clinical stroke research for the following
decade. Although much progress had been made in
dissecting the molecular pathways of ischemic cell
death, focusing therapy to a single intracellular path-
way or cell type had not yielded clinically effective
stroke treatment. Integrative approaches were felt to
be mandatory for successful stroke therapy. This
meeting emphasized the relevance of dynamic inter-
actions between endothelial cells, vascular smooth
muscle, astro- and microglia, neurons, and associated
tissue matrix proteins, and gave rise to the concept of
the “neurovascular unit.” This modular concept em-
phasized the dynamics of vascular, cellular, and ma-
trix signaling in maintaining the integrity of brain
tissue within both the gray and white matter, and its
importance to the pathophysiology of conditions
such as stroke, vascular dementia, migraine, trauma,
multiple sclerosis, and possibly the aging brain
(Fig. 1.4).

The neurovascular unit places stroke in the con-
text of an integrative tissue response in which all cel-
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lular and matrix elements, not just neurons or blood
vessels, are players in the evolution of tissue injury.
For example, efficacy of the blood–brain barrier 
is critically dependent upon endothelial–astrocyte–
matrix interactions [88]. Disruption of the neurovas-
cular matrix, which includes basement membrane
components such as type IV collagen, heparan sulfate
proteoglycan, laminin, and fibronectin, upsets the
cell–matrix and cell–cell signaling that maintains

neurovascular homeostasis. Although many proteas-
es including cathepsins and heparanases contribute
to extracellular matrix proteolysis, in the context of
stroke, plasminogen activator (PA) and MMP are
probably the two most important. This is because tis-
sue plasminogen activator (t-PA) has been used suc-
cessfully as a stroke therapy, and because emerging
data show important linkages between t-PA, MMPs,
edema, and hemorrhage after stroke.

Figure 1.4

Schematic view of the neurovascular unit or module, and some of its components. Circulating blood elements, endothe-
lial cells, astrocytes, extracellular matrix, basal lamina, adjacent neurons, and pericytes. After ischemia, perturbations in
neurovascular functional integrity initiate multiple cascades of injury. Upstream signals such as oxidative stress together
with neutrophil and/or platelet interactions with activated endothelium upregulate matrix metalloproteinases (MMPs),
plasminogen activators and other proteases which degrade matrix and lead to blood–brain barrier leakage. Inflamma-
tory infiltrates through the damaged blood–brain barrier amplify brain tissue injury. Additionally, disruption of cell-
matrix homeostasis may also trigger anoikis-like cell death in both vascular and parenchymal compartments. Overlaps
with excitotoxicity have also been documented via t-PA-mediated interactions with the NMDA receptor that augment
ionic imbalance and cell death. (t-PA Tissue plasminogen activator)
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The MMPs are zinc endopeptidases produced by
all cell types of the neurovascular unit [89], that are
secreted as zymogens requiring cleavage for enzy-
matic activation. MMPs can be classified into gelati-
nases (MMP-2 and -9), collagenases (MMP-1, -8, -13),
stromelysins (MMP-3, -10, -11), membrane-type
MMPs (MMP-14, -15, -16, -17), and others (e.g.,
MMP-7 and -12) [90]. Together with the PA system,
MMPs play a central role in brain development and
plasticity as they modulate extracellular matrix to
allow neurite outgrowth and cell migration [91].
Upstream triggers of MMP include MAP kinase 
pathways [92] and oxidative stress [93]. MMP signal-
ing is intricately linked to other well-recognized
pathways after stroke, including oxidative and nitra-
tive stress [94], caspase-mediated cell death [95], ex-
citotoxicity, and neuro-inflammation [96, 97]. Several
experimental as well as human studies provide evi-
dence for a major role of MMPs (particularly MMP-
9) in ischemic stroke, primary brain hemorrhage,
blood–brain barrier disruption and post-ischemic 
or reperfusion hemorrhage [98–106]. For example,
MMP levels have been correlated with the extent of
stroke as measured by diffusion- and perfusion-
weighted MRI [107]. Unlike MMPs, however, there is
controversy surrounding the role of the PA axis (the
other major proteolytic system in mammalian brain,
comprising t-PA and urokinase PA, and their in-
hibitors plasminogen activator inhibitor-1 and neu-
roserpin) in stroke. Primary neuronal cultures genet-
ically deficient in t-PA are resistant to oxygen-glucose
deprivation [108] and t-PA knockout mice are pro-
tected against excitotoxic injury [109]. In a mouse
focal ischemia model, treatment with neuroserpin
reduces infarction [110]. In contrast, the responses
are variable in t-PA knockouts, which are protected
against focal stroke in some [111] but not other stud-
ies [112]. In part, these inconsistencies may reflect
genetic differences and perhaps more importantly
the balance between the clot-lysing beneficial effects
of t-PA and its neurotoxic properties [113]. Emerging
data suggest that administered t-PA upregulates
MMP-9 via the low-density lipoprotein receptor-re-
lated protein (LRP), which avidly binds t-PA and
possesses signaling properties [114]. Targeting the 
t-PA–LRP–MMP pathway may offer new therapeutic

approaches for improving the safety profile of t-PA in
patients with stroke.

1.5 Neuroprotection

Neuroprotection can be defined as the protection of
cell bodies and neuronal and glial processes by
strategies that impede the development of irre-
versible ischemic injury by effects on the cellular
processes involved. Neuroprotection can be achieved
using pharmaceutical or physiological therapies that
directly inhibit the biochemical, metabolic, and cellu-
lar consequences of ischemic injury, or by using indi-
rect approaches such as t-PA and mechanical devices
to restore tissue perfusion. The complex and overlap-
ping pathways involving excitotoxicity, ionic imbal-
ance, oxidative and nitrative stress, and apoptotic-
like mechanisms have been reviewed above. Each of
these pathways offers several potential therapeutic
targets, several of which have proved successful in re-
ducing ischemic injury in animal models. However,
the successful translation of experimental results into
clinical practice remains elusive.

1.6 Stroke Neuroprotective Clinical Trials:
Lessons from Past Failures

Various classes of neuroprotective agents have been
tested in humans, with some showing promising
phase II results. However, with the exception of the
National Institute of Neurological Disorders and
Stroke (NINDS) rt-PA trial [115], none has been
proven efficacious on the basis of a positive phase III
trial. Notable failures include trials of the lipid perox-
idation inhibitor tirilazad mesylate [116], the ICAM-
1 antibody enlimomab [61], the calcium channel
blocker nimodipine [117], the g-aminobutyric acid
(GABA) agonist clomethiazole [118, 119], the gluta-
mate antagonist and sodium channel blocker lubelu-
zole [120], the competitive NMDA antagonist selfotel
[121], and several noncompetitive NMDA ant-
agonists (dextrorphan, gavestinel, aptiganel and
eliprodil) [122–124]. The high financial costs of these
trials have raised questions about the commercial
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viability of continued neuroprotective drug develop-
ment. How can we explain this apparent discrepancy
between bench and bedside studies [125, 126]? 
The lack of efficacy can be related to several factors,
some relating to the preclinical stage of drug devel-
opment, and others to clinical trial design and
methodology.

In the preclinical stage, therapies are often tested
on healthy, young animals under rigorously con-
trolled laboratory conditions, and, most often, the
treatment is not adequately tested (for example, by
multiple investigators in different stroke models) be-
fore it is brought to clinical trial. Whereas experi-
mental animals are bred for genetic homogeneity,
genetic differences and factors such as advanced age
and co-morbidities (hypertension, diabetes) in pa-
tients may alter their therapeutic response. Moreover,
despite similarities in the basic pathophysiology of
stroke between species, there are important differ-
ences in brain structure, function, and vascular
anatomy. The human brain is gyrated, has greater
neuronal and glial densities, and is larger than the
rodent brain. Some rodents (gerbils) lack a complete
circle of Willis (gerbils), while others (rats) have
highly effective collaterals between large cerebral
vessels. As a result, there are important differences in
the size, spatial distribution, and temporal evolution
of the ischemic lesions between experimental models
and humans. This is important, because the infarct
volume is the standard outcome measure in animal
models, whereas success in clinical trials is typically
defined by clinical improvement. Finally, outcomes in
animal models are usually assessed within days to
weeks, whereas in humans, functional scores [Na-
tional Institutes of Health Stroke Scale (NIHSS),
Barthel index, etc.] are typically assessed after
3–6 months.

In the clinical trial stage, major problems include
the relatively short therapeutic time window of most
drugs; the difficulties in transporting patients quick-
ly to the hospital; the imprecise correlation between
symptom onset and the actual onset of cerebral
ischemia; the high cost of enrolling patients for an
adequately powered study; and the use of nonstan-
dardized and relatively insensitive outcome meas-
ures. A recent review showed that of 88 stroke neuro-

protective trials, the mean sample size was only 186
patients, and the median time window for recent
(1995–1999) neuroprotective trials was as late as 12 h
[127]. Another major factor accounting for past fail-
ures is that patients with different stroke pathophys-
iology and subtype are often combined in a trial,
whereas the drug being tested might be more effec-
tive in a certain stroke subtype (e.g., strokes with pre-
dominant gray matter involvement).

In addition to the above, delivery of the drug to
target ischemic tissues poses unique challenges
[128]. Pharmacokinetic properties of the drug, and
alterations in cerebral blood flow after stroke need to
be taken into account. Blood flow can drop to below
5–10% of normal levels in the infarct core, and to
30–40% of baseline in the surrounding penumbra
[129]. In addition, the blood–brain barrier restricts
direct exchange between the vascular compartment
and the cerebral parenchyma, and post-stroke edema
and raised intracranial pressure further impair effi-
cient delivery. Strategies that have been explored to
penetrate the blood–brain barrier include intracere-
bral and intraventricular delivery, use of hyperosmo-
lar substances (e.g., mannitol, arabinose) and phar-
macological agents (bradykinin, mannitol, nitric ox-
ide) to facilitate osmolar opening, and the develop-
ment of carrier-mediated transport systems. These
strategies appear promising; however, they remain
limited by the prohibitively narrow time windows for
effective stroke treatment.

Given these past failures, the focus has shifted to-
wards expanding the therapeutic time window, im-
proved patient selection, the use of brain imaging as
a selection criterion, combination acute stroke drug
treatments, use of validated rating scales to assess
functional end points, and improved stroke trial
design and organization [127, 130]. A number of new
neuroprotection trials are currently underway or in
the planning stages. These include trials of the free
radical spin trap agent NXY-059 (now in phase III tri-
als), intravenous magnesium, the antioxidant ebse-
len, the AMPA antagonist YM872, and the serotonin
antagonist repinotan [131–133]. With the insights
gained from prior neuroprotective trials, it is antici-
pated that one or more of the impending trials will
prove successful.
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1.7 Identifying the Ischemic Penumbra

As discussed above, although irreversible cell death
begins within minutes after stroke onset within re-
gions of maximally reduced blood flow (the infarct
“core”), for several hours there exists a surrounding
“penumbra” of ischemic but noninfarcted tissue that
is potentially salvageable [134–137]. The concept of
an “ischemic penumbra” provides a rationale for the
use of neuroprotective drugs and reperfusion tech-
niques to improve outcome after acute ischemic
stroke. However, the extent of penumbral tissue is
thought to diminish rapidly with time, hence the
therapeutic time window is narrow.With intravenous
t-PA [the only stroke therapy approved by the Food
and Drug Administration (FDA)] the window is 3 h,
which severely limits its use [138]; delayed therapy
increases the risk of hemorrhage [115]. Similarly, ad-
ministering therapy outside of the therapeutic win-
dow is considered one of the most important factors
leading to the failure of neuroprotective drug trials.
Developing methods to rapidly and accurately iden-
tify the ischemic penumbra is therefore an important
area of current stroke research.

Imaging studies have validated the concept that
tissue viability is heterogeneous distal to an occluded
brain blood vessel. In animal models, the ischemic
penumbra can be visualized by autoradiographic
techniques that compare regions of reduced blood
flow to regions of actively metabolizing tissue (2-de-
oxyglucose), or larger regions of suppressed protein
synthesis to core areas with complete loss of ATP. In
humans, imaging and biochemical studies similarly
suggest that the window for efficacy may be pro-
longed in select individuals. Positron emission to-
mography (PET) [139, 140] can detect oxygen-utiliz-
ing tissue (oxygen extraction fraction) within re-
gions of low blood flow, as well as locate 11C-flumaze-
nil recognition sites on viable neurons within under-
perfused brain areas. While PET is arguably the most
accurate method, the greatest promise and experi-
ence appear to lie with multimodal magnetic reso-
nance imaging (MRI) and multimodal CT because of
their widespread availability, lower cost, technical
ease, and shorter imaging times. With MRI, there is

often a volume mismatch between tissue showing
reduced water molecule diffusion (a signature for cell
swelling and ischemic tissue) and a larger area of
compromised tissue perfusion early after stroke on-
set – the so-called diffusion–perfusion mismatch.
The difference, at least for all practical purposes, is
believed to reflect the ischemic penumbra [129,
141–144]. Perfusion MRI currently affords a relative,
rather than absolute, quantitative measure of cere-
bral tissue perfusion. Recent studies indicate that
perfusion-CT can also be used to identify regions of
ischemic, noninfarcted tissue after stroke, and that
perfusion-CT may be comparable to MRI for this
purpose [145–147]. The main advantage of perfu-
sion-CT is that it allows rapid data acquisition and
postprocessing, and can be performed in conjunc-
tion with CT angiography to complete the initial
evaluation of stroke [148]. Xenon-enhanced CT is a
more accurate technique than perfusion-CT and pro-
vides quantitative measurements of cerebral blood
flow within 10–15 min; however, it requires the use of
specialized equipment and at present its use is re-
stricted to only a few centers [149]. Imaging methods
such as these can optimize the selection of candidates
for thrombolytic therapy or for adjunctive therapy
many hours after stroke onset. Importantly, imaging
may also provide quantitative surrogate endpoints
for clinical trials. Several clinical trials employing
imaging to select patients who might benefit from
delayed therapy are now in progress. The Desmo-
teplase in Acute Ischemic Stroke Trial (DIAS) is the
first published acute stroke thrombolysis trial using
MRI both for patient selection and as a primary effi-
cacy endpoint [150]. In this trial, patients were select-
ed on the basis of perfusion–diffusion mismatch on
the admission MRI and treated as late as 3–9 h after
stroke symptom onset with intravenous (i.v.) desmo-
teplase, a newer plasminogen activator with high
fibrin specificity. Desmoteplase-treated patients had
significantly higher rates of reperfusion, as defined
by MR-perfusion, and improved 90-day clinical
outcome. These results support the utility of MRI in
improving patient selection and as a surrogate out-
come measure.
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1.8 Combination Neuroprotective Therapy

Considering that several pathways leading to cell
death are activated in cerebral ischemia, effective
neuroprotection may require combining or adding
drugs in series that target distinct pathways during
the evolution of ischemic injury. Although seemingly
independent treatments may not always yield addi-
tive results [151], various neuroprotective combina-
tions have been used with some success in animal
models. These include the co-administration of an
NMDA receptor antagonist with GABA receptor ago-
nists [152], free radical scavengers [153], cytidine-5¢-
diphosphocholine (Citicholine®) [154], the protein
synthesis inhibitor cyclohexamide [155], caspase in-
hibitors [156] or growth factors such as basic fibrob-
last growth factor (bFGF) [157]. Synergy is also ob-
served with 2 different antioxidants [158], and cyti-
dine-5¢-diphosphocholine  plus bFGF [159]. Caspase
inhibitors given with bFGF or an NMDA receptor
antagonist extend the therapeutic window and lower
effective doses [160].

Neuroprotective drugs may have a role in increas-
ing the efficacy and safety of thrombolysis. Because
the risk of hemorrhage increases with time, treat-
ment with intravenous t-PA is currently limited to 3 h
after vascular occlusion [161]. However, because is-
chemic but noninfarcted, potentially salvageable tis-
sue exists for several hours after stroke in rats [162]
and probably also in humans [134–137], clot lysis
may be therapeutically useful at later times. Results
from the PROACT II study, in which recombinant
pro-urokinase was administered intra-arterially
until 8 h post-stroke to patients with middle cerebral
artery (MCA) occlusion, and a pooled analysis of the
ATLANTIS, ECASS, and NINDS rt-PA stroke trials
[163], support the contention that potential benefit
exists beyond the 3-h time window. However, the use
of thrombolysis must be weighed against the risk of
intracerebral hemorrhage and brain edema after 3 h.
Most preclinical observations suggest that treatment
is suboptimal without combining neuroprotective
therapy with clot-lysing drugs. This combination re-
duces reperfusion injury and inhibits downstream
targets in cell death cascades. Synergistic or additive

effects have been reported when thrombolysis was
used with neuroprotectants such as oxygen radical
scavengers [164], AMPA [165] and NMDA [166] re-
ceptor antagonists, MMP inhibitors [103], cytidine-
5¢-diphosphocholine [167], topiramate [168], anti-
leukocytic adhesion antibodies [169], and anti-
thrombotics [170]. Combination therapies may de-
crease dosages for each agent, thereby reducing the
occurrence of adverse events. Two recent clinical tri-
als have reported the feasibility and safety of treating
with intravenous t-PA followed by neuroprotectants,
clomethiazole [171] or lubeluzole [172]. Rational
therapy based on inhibiting multiple cell death
mechanisms may ultimately prove as useful for
stroke as for cancer chemotherapy.

1.9 Ischemic Pre-conditioning

Transient, nondamaging ischemic/hypoxic brain in-
sults are known to protect against subsequent pro-
longed, potentially detrimental episodes by upregu-
lating powerful endogenous pathways that increase
the resistance to injury [173]. The tolerance induced
by ischemic preconditioning can be acute (within
minutes), or delayed by several hours. Acute protec-
tive effects are short lasting and are mediated by
posttranslational protein modifications; delayed tol-
erance is sustained for days to weeks and results from
changes in gene expression and new protein synthe-
sis [for example, of heat shock protein, Bcl2, hypoxia-
inducible factor, and mitogen-activated protein
(MAP) kinases] [174, 175]. Emerging human data in-
dicate that preceding transient ischemic attacks
(TIAs) reduce the severity of subsequent stroke, per-
haps from a preconditioning effect [176–178]. In a
study of 65 patients studied by diffusion and perfu-
sion MRI, those with a prior history of TIA (n=16)
were found to have smaller initial diffusion lesions
and final infarct volumes, as well as milder clinical
deficits, despite a similar size and severity of the per-
fusion deficit [176]. Preconditioning may offer novel
insights into molecular mechanisms responsible for
endogenous neuroprotection, and thus provide new
strategies for making brain cells more resistant to
ischemic injury [179].
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1.10 Nonpharmaceutical Strategies 
for Neuroprotection

1.10.1 Magnesium

Magnesium is involved in multiple processes relevant
to cerebral ischemia, including inhibition of pre-
synaptic glutamate release [180], NMDA receptor
blockade [181], calcium channel antagonism, and
maintenance of cerebral blood flow [182]. In animal
models of stroke, administration of intravenous
magnesium as late as 6 h after stroke onset, in doses
that double its physiological serum concentration,
was found to reduce infarct volumes [183, 184]. In
pilot clinical studies, magnesium was found to reduce
death and disability from stroke, raising expectations
that magnesium could be a safe and inexpensive
treatment [185]. However, in a large multicenter trial
involving 2589 patients, magnesium given within
12 h after acute stroke did not significantly reduce the
risk of death or disability, although some benefit was
documented in lacunar strokes [131]. Further studies
are ongoing to determine whether paramedic initia-
tion of magnesium, by reducing the time to treat-
ment, yields benefit in stroke patients [186].

1.10.2 Albumin Infusion

Albumin infusion enhances red cell perfusion and
suppresses thrombosis and leukocyte adhesion with-
in the brain microcirculation, particularly during the
early reperfusion phase after experimental focal
ischemia [187]. Albumin also significantly lowers the
hematocrit and by so doing improves microcirculato-
ry flow, viscosity of plasma and cell deformability, as
well as oxygen transport capacity. Albumin reduces
infarct size, improves neurological scores, and re-
duces cerebral edema in experimental animals [188].
These effects may reflect a combination of therapeu-
tic properties including its antioxidant effects, anti-
apoptotic effects on the endothelium, and effects on
reducing blood stasis within the microcirculation.
Clinical trials to test the effects of albumin are now
being organized.

1.10.3 Hypothermia

Nearly all ischemic events are modulated by temper-
ature, and cerebroprotection from hypothermia is
believed to increase resistance against multiple dele-
terious pathways including oxidative stress and
inflammation [189–195]. Generally, most biological
processes exhibit a Q10 of approximately 2.5, which
means that a 1°C reduction in temperature reduces
the rate of cellular respiration, oxygen demand, and
carbon dioxide production by approximately 10%
[196]. Reduced temperature also slows the rate of
pathological processes such as lipid peroxidation, as
well as the activity of certain cysteine or serine pro-
teases. However, detoxification and repair processes
are also slowed, so the net outcome may be complex.
Hence, hypothermia appears to be an attractive
therapy that targets multiple injury mechanisms.

Brain cooling can be achieved more rapidly (and
spontaneously) when blood flow to the entire brain
ceases following cardiac arrest, and thermoregula-
tion may be abnormal due to hypothalamic dysfunc-
tion. If only a segment of brain is ischemic, nonin-
jured brain remains a metabolically active heat
source. While moderate hypothermia (28–32 °C) is
technically difficult and fraught with complications,
recent experimental studies have shown that small
decreases in core temperature (from normothermia
to 33–36 °C) are sufficient to reduce neuronal death.
The consensus from preclinical data suggests that the
opportunity to treat does not extend beyond minutes
after reversible MCA occlusion when hypothermia is
maintained for a short duration (a few hours) [197].
In a global model of hippocampal ischemia, hy-
pothermia is beneficial if begun 30 min before but
not 10 min after stroke onset [198]. However, if cool-
ing is prolonged (12–48 h), protection against injury
is substantial following focal as well as global cerebral
ischemia [199, 200]. In humans, encouraging positive
results were recently reported in two randomized
clinical trials of mild hypothermia in survivors of
out-of-hospital cardiac arrest [201, 202]. Cooling sig-
nificantly improved outcomes despite a relatively de-
layed interval (105 min) from ischemic onset until
the initiation of cooling. Based on these results, addi-
tional controlled trials are now underway to test the
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therapeutic impact of hypothermia in focal ischemia
and embolic stroke when combined with thromboly-
sis. Preliminary data justify enthusiasm. In a study of
25 patients with acute, large, complete MCA infarc-
tion, mild hypothermia (33°C maintained for 48–
72 h) significantly reduced morbidity and improved
long-term neurologic outcome [203]. The results of a
recent trial [Cooling for Acute Ischemic Brain Dam-
age (COOL-AID)] [204] suggest that the combination
of intra-arterial thrombolysis plus mild hypothermia
is safe; however, complications such as cardiac ar-
rhythmia, deep vein thrombosis, and pneumonia
have been reported previously [205]. Several single
and multicenter randomized trials are underway in
patients with ischemic and hemorrhagic stroke.

1.10.4 Induced Hypertension

The ischemic penumbra shows impaired autoregula-
tion, and appears to be particularly sensitive to blood
pressure manipulation. The rationale for using in-
duced hypertension as a stroke therapy is provided
by early studies showing that raising mean arterial
pressure results in improved cerebral perfusion with-
in the penumbra, and a concomitant return of elec-
trical activity. In animal models of focal cerebral
ischemia, induced hypertension therapy was found to
augment cerebral blood flow, attenuate brain injury,
and improve neurological function [206, 207]. In
humans with acute ischemic stroke, a spontaneous
increase in blood pressure is common, and neurolog-
ical deterioration can occur with “excessive” antihy-
pertensive therapy [208]. Furthermore, a paradigm
for induced hypertension for cerebral ischemia exists
in the treatment of vasospasm after subarachnoid
hemorrhage [209].

Based upon this rationale, recent trials have stud-
ied the effect of induced hypertension (using intra-
venous phenylephrine) on clinical and imaging out-
comes in patients with acute stroke [210–212]. Pa-
tients with significant diffusion–perfusion “mis-
match” on MRI, large vessel occlusive disease, and
fluctuating neurological deficits were found to be
more likely to respond, and improvement in tests of
cortical function correlated with improved perfusion
of corresponding cortical regions [213, 214].A multi-

center randomized trial of induced hypertension is
ongoing. The main concerns with induced hyperten-
sion therapy include the risk of precipitating intrac-
erebral hemorrhage and worsening cerebral edema,
particularly in patients with reperfusion, as well as
systemic complications such as myocardial ischemia,
cardiac arrhythmias, and ischemia from phenyle-
phrine-induced vasoconstriction. Ultimately, this
treatment might be more applicable to stroke pa-
tients who are not candidates for thrombolytic
therapy.

1.10.5 Hyperoxia

Tissue hypoxia plays a critical role in the primary and
secondary events leading to cell death after ischemic
stroke [215]; therefore, increasing brain oxygenation
has long been considered a logical stroke treatment
strategy. Theoretically, oxygen should be an excellent
drug for treating stroke since it has distinct advan-
tages over pharmaceutical agents: it easily diffuses
across the blood–brain barrier, has multiple benefi-
cial biochemical, molecular, and hemodynamic ef-
fects, it is well tolerated, and can be delivered in high
doses without dose-limiting side-effects (except in
patients with chronic obstructive pulmonary dis-
ease). Experimental studies have shown that supple-
mental oxygen favorably alters the levels of gluta-
mate, lactate, bcl2, manganese superoxide dismutase,
cyclooxygenase-2, and inhibits cell-death mecha-
nisms such as apoptosis [216–222]. Because the ra-
tionale for oxygen in stroke is so compelling, numer-
ous groups have focused on it as a potential therapy.
Hyperbaric oxygen therapy (HBO) has been widely
studied because it significantly raises brain tissue
partial pressure of oxygen (brain ptiO2), a factor be-
lieved critical for effective neuroprotection. Clinical
improvement during exposure to HBO was observed
nearly 40 years ago [223].HBO proved effective in an-
imal stroke studies [224–232]; however, it failed three
clinical trials [233–235], resulting in reduced interest
in HBO. There is now growing recognition that fac-
tors such as barotrauma from excessive chamber
pressures, delayed time to therapy (2–5 days after
stroke), and poor patient selection may have led to
the failure of previous HBO clinical trials, and the
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therapeutic potential of HBO in acute stroke is being
re-examined.

In light of the difficulties of HBO, several groups
have begun to investigate the therapeutic potential of
normobaric hyperoxia therapy (NBO) [236–241].
NBO has several advantages: it is simple to adminis-
ter, well tolerated, inexpensive, widely available, can
be started very quickly after stroke onset (e.g., by
paramedics), and is noninvasive. In animal studies,
NBO has been shown to reduce infarct volumes, im-
prove neurobehavioral deficits, improve diffusion
and perfusion MRI parameters of ischemia, and in-
crease brain interstitial pO2 in penumbral tissues
[236–238, 241]. In a small pilot clinical study of pa-
tients with acute ischemic stroke and diffusion–per-
fusion “mismatch” on MRI, NBO improved clinical
deficits and reversed diffusion-MRI abnormalities,
suggesting that similar beneficial effects can be ob-
tained in humans [239].As compared to HBO, NBO is
relatively ineffective in raising brain ptiO2, and the
mechanism of neuroprotection remains unclear. An
indirect hemodynamic mechanism (“reverse steal”)
has been suggested, but further studies are needed to
elucidate the precise mechanism(s) of action. Further
studies are also warranted to investigate the safety of
this therapy. Theoretically, increasing oxygen deliv-
ery can increase oxygen free radicals, which could
theoretically worsen injury by promoting processes
such as lipid peroxidation, inflammation, apoptosis,
and glutamate excitotoxicity [17, 242–244]. Existing
data suggest that the benefit of oxygen is transient,
and cannot be sustained without timely reperfusion.
Ultimately, oxygen therapy may be most useful if
combined with reperfusion therapy, or used as a
strategy to extend time windows for therapies such as
t-PA.

1.11 Prophylactic 
and Long-term Neuroprotection

While the above discussion concerned neuroprotec-
tion in the hyperacute and acute stages after stroke,
there is a rationale for using neuroprotective agents
before stroke, in high-risk populations such as pa-
tients undergoing carotid endarterectomy, carotid

angioplasty or stent placement, coronary artery by-
pass grafting, cardiac valvular surgery, repair of aor-
tic dissections, and heart transplant. Similarly, drugs
such as aspirin, clopidogrel (Plavix®), aggrenox, and
warfarin, which reduce the actual risk for stroke, can
be considered long-term neuroprotective agents.
Newer agents that target the vascular endothelium
and cerebral microcirculation – notably thiazide di-
uretics, angiotensin-converting enzyme inhibitors
and hydroxy-3-methylglutaryl-CoA (HMG-CoA)
reductase inhibitors (statins) – have been shown to
reduce the risk for stroke as well as improve out-
comes after stroke [245–248]. Statins act by enhanc-
ing the endothelial release of nitric oxide, which re-
laxes vascular smooth muscle and raises cerebral
blood flow, and exhibits additional beneficial effects
by limiting platelet aggregation and the adhesivity of
white blood cells, both of which impede microvascu-
lar flow during stroke [249, 250]. These effects are in-
dependent of their cholesterol-lowering effects [251].
Other pleiotropic statin effects, such as suppression
of pro-thrombotic activity (upregulating endoge-
nous t-PA and inhibiting plasminogen inhibitor-1),
or protein-C serum levels and inflammation in the
atheromatous plaque, may all contribute to stroke
mitigation. Numerous clinical trials targeting the mi-
crocirculation are in various stages of completion for
acute stroke and for stroke prophylaxis.

1.12 Conclusion

Several complex and overlapping pathways underlie
the pathophysiology of cell death after ischemic
stoke. While pharmaceutical agents can inhibit these
pathways at various levels, resulting in effective neu-
roprotection in experimental models, no single agent
intended for neuroprotection has been shown to im-
prove outcome in clinical stroke trials. Refinements
in patient selection, brain imaging, and methods of
drug delivery, as well as the use of more clinically rel-
evant animal stroke models and use of combination
therapies that target the entire neurovascular unit are
warranted to make stroke neuroprotection an achiev-
able goal. Ongoing trials assessing the efficacy of
thrombolysis with neuroprotective agents, and
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strategies aimed at extending the therapeutic win-
dow for reperfusion therapy promise to enhance the
known benefits of reperfusion therapy. Most investi-
gators agree that genomics and proteomics are the
most promising recent developments impacting the
future of stroke prevention, diagnosis, treatment, and
outcome. Although many challenges lie ahead, an
attitude of cautious optimism seems justified at this
time.
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2.1 Introduction

Ischemic stroke occurs due to a multitude of under-
lying pathologic processes. The brain is such an ex-
quisite reporting system that infarcts below the size
that cause clinical signs in other organ systems can
cause major disability if they affect brain.About 85%
of all strokes are due to ischemia, and in the majority
of ischemic stroke the mechanism responsible is un-
derstood (Fig. 2.1).An illustration of the causes of the
majority of ischemic strokes is shown in Fig. 2.2,
including atherosclerotic, cerebrovascular, cardio-
genic, and lacunar (penetrating vessel) mechanisms.
However, in about 30% of cases, the underlying caus-
es are not known and these are termed cryptogenic
strokes. This chapter reviews the pathways that lead
to ischemic stroke.
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Figure 2.1

Stroke frequency by mechanism. (CVD Cardiovascular
disease)
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2.2 Key Concept: Core and Penumbra

Before embarking on a discussion of the causes of
ischemic stroke, it is useful to consider the concepts
of infarct core and penumbra. These terms were ini-
tially given specific scientific definitions. As applied
in the clinic, their definitions have become opera-
tional, with the core generally defined as that part of
the ischemic region that is irreversibly injured, while
the penumbra is the area of brain that is underper-
fused and is in danger of infarcting. These are useful
concepts for several reasons. If they can be identified
in the acute ischemic stroke patient they provide
prognostic information, and may help guide the

Figure 2.2

The most frequent sites of arterial and cardiac abnor-
malities causing ischemic stroke. Adapted from Albers
GW, Amarenco P, Easton JD, Sacco RL, Teal P (2004) An-
tithrombotic and thrombolytic therapy for ischemic
stroke: the Seventh ACCP Conference on Antithrom-
botic and Thrombolytic Therapy. Chest 126 (Suppl 3):
483S–512S

Figure 2.3 a, b

a Internal carotid artery feeds the middle cerebral
artery (MCA) and anterior cerebral artery (ACA). b Right
internal carotid artery (ICA)

b

a



Chapter  2 29Causes of Ischemic Stroke

Figure 2.4 a, b

a ACA collateral flow after MCA occlusion. b ACA collat-
eral flow

b

a

Figure 2.5

Core and penumbra after MCA occlusion.

Figure 2.6

Penumbra/core
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patient’s management. Importantly, it is now clear
that neuroimaging can provide excellent estimates of
the core and the penumbra in individual patients.

To illustrate the core/penumbra concept, let us
consider the hypothetical case of an embolus to the
main stem portion (M1) of the middle cerebral artery
(MCA). The MCA along with the anterior cerebral ar-
tery (ACA) arise from the internal carotid artery
(ICA) at the base of the frontal lobe (Fig. 2.3). When
an embolus lodges in the M1 segment of the MCA,
the MCA territory of the brain becomes underper-
fused (Fig. 2.4). However, in many cases the collateral
circulation from the ACA and posterior cerebral ar-
tery can compensate to some degree. The amount of
collateral flow determines the size of the core and the
penumbra (Figs. 2.5, 2.6). However, it is critical to un-
derstand that both the core and penumbra are dy-
namic entities that depend on the complex physiolo-
gy that is playing out in the acutely ischemic brain. If
the occlusion is not removed, the core size usually in-
creases, while the salvageable penumbra decreases
with time (Fig. 2.7). The rate of change in the size of
the core and the penumbra depends on the blood
flow provided by the collaterals.

2.3 Risk Factors

In many respects stroke is a preventable disorder.
Prevention is the target of a variety of programs to re-
duce risk factors for stroke. The greatest stroke risk
occurs in those with previous transient ischemic at-
tack or previous stroke (Table 2.1). For these patients
risk factor reduction is essential and risk may be as-
sociated with specific cardiovascular, cerebrovascu-
lar or hematologic disorders. Secondary vascular risk
has been shown to decrease with treatment of hyper-
tension and hyperlipidemia and the institution of an-
tiplatelet drug treatment. Globally, hypertension is
the most significant risk factor for stroke, both is-
chemic and hemorrhagic. Elevation in blood pres-
sure plays a large role in the development of vascular
disease, including coronary heart disease, ventricular
failure,atherosclerosis of the aorta and cerebrovascu-
lar arteries, as well as small vessel occlusion. Diabetes
mellitus ranks highly as a stroke risk factor. Unless it
is quelled, the current epidemic of obesity is expect-
ed to fuel greater stroke risk in the near future. Hy-
perlipidemia, tobacco abuse, cocaine and narcotic
abuse, and lack of physical exercise also contribute to
population stroke risk. There is an increased inci-
dence of stroke during seemingly nonspecific febrile
illnesses.

Figure 2.7

Blood flow, time, core and penumbra

Table 2.1. Major risk factors for acute stroke

Previous transient ischemic attack or previous stroke

Hypertension

Atherosclerotic cardiovascular 
and cerebrovascular disease

Diabetes mellitus

Obesity

Hyperlipidemia

Tobacco, cocaine and narcotic abuse

Hematologic abnormalities

Febrile illness
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2.4 Primary Lesions 
of the Cerebrovascular System

2.4.1 Carotid Stenosis

Many stroke patients have atherosclerosis, indicating
a link between cardiac and cerebrovascular disease
(see Table 2.2). But it is difficult for clinicians to pre-
dict the likelihood of stroke using signs and symp-
toms of heart disease. For instance, carotid bruits are
more reliably predictive of ischemic heart disease
than of stroke.

2.4.2 Plaque

A carotid plaque’s variable composition may affect
the associated stroke risk. Plaque is often echodense
and calcified, and can be formed by the homogenous
deposition of cholesterol. Plaque is dangerous not
only because of its stenotic effects – plaque may rup-
ture or dissect at the atherosclerotic wall, showering
debris into the bloodstream, leading to multiple em-
bolic cerebral infarcts downstream of the plaque. The
ruptured, ulcerated plaque can also be a source of
thrombus formation in that the anticoagulant prop-
erties of the endothelial surface are locally disrupted.
Using transcranial Doppler, a number of groups have
shown increased frequency of microembolic signals
in the ipsilateral MCA in the days after symptom on-
set in patients with carotid stenosis.

Inflammation in the plaque wall has been postu-
lated to influence thrombus formation in myocardial
infarction (MI) as well as stroke. Recent studies have
focused on the possibility that infection in the plaque
contributes to thrombus formation and subsequent

stroke or MI. Chlamydia particles have been recently
discovered in carotid and coronary plaques.

2.4.3 Atherosclerosis Leading to Stroke:
Two Pathways

An atherosclerotic lesion at the origin of the ICA can
lead to stroke. The first pathway is a result of progres-
sive narrowing of the ICA until the sluggish blood
flow promotes the formation of a thrombus at the
residual lumen, which results in complete occlusion.
The acute occlusion may be symptomless if excellent
collateral circulation exists along the circle of Willis
and between leptomeningeal vessels; alternatively it
may cause a large hemispheric stroke if collaterals are
poor. The second pathway, termed “artery to artery”
embolism, is a common pathway for MCA distribu-
tion stroke in patients with severe extracranial inter-
nal carotid stenosis. Commonly, this occurs at the
time of ICA occlusion.

2.4.4 Collateral Pathways in the Event 
of Carotid Stenosis or Occlusion

In the pathway shown above (Fig. 2.4), leptom-
eningeal collateral blood sources traveling over the
surface of the brain bring blood from the distal ACA
branches into the distal MCA branches. This type of
leptomeningeal collateral flow can also come from
the posterior cerebral artery (PCA) branches to fill
the distal MCA. Flow from the vertebrobasilar system
can fill the distal ICA and its branches through the
posterior communicating artery (PCoA). The poten-
tial for collateral flow in the case of carotid occlusion
depends on the vascular anatomy of these alternative
pathways. When collateral flow is not sufficient, is-
chemia occurs in the border zone (sometimes called
“watershed”) regions between the ACA/MCA or
MCA/PCA.

2.4.5 Transient Neurological Deficits

Reoccurring transient neurological deficits also oc-
cur commonly in patients with MCA or intracranial
carotid stenosis. These deficits generally last for less
than 3 min and include transient monocular blind-

Table 2.2. Primary lesions of the cerebrovascular system that
cause ischemic stroke

Carotid stenosis

Intracranial atherosclerosis

Aortic atherosclerosis

Risk factors for atherosclerosis

Extracerebral artery dissection
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ness as well as transient hemispheric neurologic
deficits.Their pathologic basis is unknown, though in
some cases of transient monocular blindness there is
evidence of low flow (the “box car” appearance of red
cell clumps separated by clear space) in the retinal ar-
terioles. The retina may also contain highly refractile
cholesterol emboli called Hollenhorst plaques. In
many instances of severe carotid stenosis or occlu-
sion, the intracranial collateral flow is sufficient to
perfuse the brain and prevent ischemia.

2.4.6 Intracranial Atherosclerosis

Atherosclerosis can also occur intracranially to cause
focal or multifocal stenosis in the siphon portion of
the ICA, the MCA stem, the branch points of the ma-
jor MCA branches, the ACA, A1 and A2 branches, the
P1 and P2 segment of the PCA, the distal vertebral ar-
tery, the vertebral artery origin, the vertebrobasilar
junction, and the basilar artery. Microatherosclerotic
plaques can occur as described above in the proximal
portion of the penetrator arteries arising from the
major vessels at the base of the brain. They are not
seen in the leptomeningeal vessels over the cortex.

Atherosclerosis in the intracranial portion of the
carotid and in the MCA causes multiple strokes in 
the same vascular territory. It may also cause “slow
stroke”syndrome, in which there is progressive wors-
ening of focal cortical ischemic symptoms over days
or weeks. In addition, the penetrator arteries flowing
to the deep white matter and striatum originate from
the MCA stem (M1) and may be occluded in patients
with severe MCA stenosis. Atherosclerosis in the in-
tracranial portion of the ICA and the MCA is more
common in African Americans and Asian Americans
for unknown reasons.

Additional common sites for atherosclerotic oc-
clusion include the origin of the vertebral artery, the
distal vertebral and vertebrobasilar junction, the
mid-basilar artery, and the proximal PCA. Unlike ICA
disease, severe atherosclerotic stenosis in the distal
intracranial vertebral and basilar arteries can cause
stroke via thrombotic occlusion of local branches as
well as artery-to-artery embolus to the top of the
basilar artery or the PCA(s). Low flow in the basilar
artery can lead to thrombus formation with occlu-

sion of one brainstem penetrator vessel after another.
Basilar thrombosis is not rare and is fatal because
brainstem function is completely dependent on this
vascular supply.

Low flow to the basilar artery can also be caused by
vertebral disease. Sometimes one vertebral artery is
small and terminates as the posterior inferior cere-
bellar artery, never making the connection to the
basilar artery. Other times, one vertebral artery is oc-
cluded. In these two circumstances, flow-limiting dis-
ease in the dominant or remaining vertebral artery
may then produce basilar ischemia. Thrombus at the
site of vertebral artery stenosis can also dislodge and
cause embolic stroke in the distal basilar artery or
PCA territory.

In patients with left subclavian artery occlusion,
the left vertebral artery commonly originates distal
to the occlusion. This can result in the subclavian
steal syndrome, in which blood flows in a retrograde
direction down the vertebral artery to supply the
arm. This anatomic condition is most frequently
asymptomatic, but can result in low flow in the basi-
lar artery during arm exercise.

In some patients with longstanding hypertension
there is a dramatic dilatation of the intracranial ves-
sels called “dolichoectasia.” Basilar artery dolichoec-
tasia can cause compression of the brainstem or cra-
nial nerves. Thrombus can also form in these very di-
lated vessels leading to basilar-branch thrombotic
occlusion or distal embolic stroke.

A recent trial of aspirin versus warfarin in patients
with intracranial atherosclerosis did not demonstrate
any difference in terms of efficacy, but bleeding com-
plications were more common in the warfarin group.

2.4.7 Aortic Atherosclerosis

Atherosclerotic disease of the aorta is also likely to
increase stroke risk. Transesophageal echocardio-
graphic images can show plaque or thrombus on the
aortic wall with dramatic flapping of a thrombus
within the aortic lumen. Aortic atherosclerosis is a
major cause of stroke during coronary artery bypass
grafting; when the aortic cross clamp is released, ath-
erosclerotic debris fills the aorta.Atherosclerotic em-
boli also occur as complications after coronary and
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aortic angiography due to vessel wall trauma from
the catheter.

So-called cholesterol emboli disease can cause
multiple strokes as well as joint pain, livedo reticu-
laris skin rash, reduced renal function, and seizures.
These cholesterol embolic strokes may not be
amenable to thrombolysis.

Type I aortic dissection is one of the most difficult
vascular lesions to manage in the presence of major
stroke. The patient may present with chest pain and
asymmetric pulses. Stroke may occur in the distribu-
tion of any major cerebral arteries because the dis-
section can involve both carotid and vertebral ori-
gins. Since rupture into the chest or extension of dis-
section into the pericardium or coronary origins is
fatal, thrombolysis or anticoagulation cannot be
used.

2.4.8 Risk Factors for Atherosclerosis

Hypercholesterolemia, family history of atheroscle-
rotic disease, diabetes, homocysteinemia, elevated
apolipoprotein a, hypertension, and smoking are all
risk factors for generalized atherosclerosis. Inflam-
matory markers in the plaque and the systemic circu-
lation are currently under study for their role in trig-
gering symptoms in patients with atherosclerosis.

2.4.9 Extra-cerebral Artery Dissection

Extra-cerebral artery dissection is commonly re-
sponsible for stroke in young persons, including chil-
dren. In adults, dissections tear the intima, and blood
enters the wall of the vessel between the intima and
the media. This blood causes the vessel wall to bal-
loon outward, and compresses the lumen. If stroke
results from this condition, it is most often caused by
embolus; a thrombus forms at the tear site and is
swept up the vessel into the brain. Dissection may
also cause complete occlusion of the vessel and im-
pair cerebral perfusion.

The outwardly distended vessel wall may also
compress nearby structures. In carotid dissection at
the base of the skull, compression palsies of cranial
nerves IX, X, XI, and XII are sometimes seen. Carotid
dissection can also interrupt the sympathetic nerve

fibers that surround the carotid, causing a Horner’s
syndrome ptosis and miosis. The dissection site can
be high up in the neck, often extending to the point
where the ICA becomes ensheathed in the dura at 
the entry site into the petrous bone. Dissection also
occurs in association with redundant looping of the
carotid artery. Vertebral artery dissection commonly
occurs where the vessel passes over the C2 lateral
process to enter the dura.

Symptoms. Patients with carotid or vertebral dis-
section commonly present with pain. In extracranial
carotid dissection the pain is localized to the region
above the brow in front of the ear, or over the affect-
ed carotid. In vertebral dissection the pain is usually
in the C2 distribution, ipsilateral posterior neck, and
occipital regions.

Extracranial cerebral artery dissection occurs
with massive trauma as well as minor neck injuries. It
also occurs with seemingly trivial incidents, such as a
strong cough or sneeze, chiropractic manipulation,
hyperextension of the neck during hair washing, etc.
In some cases, it appears to occur without known
precipitants. Disorders of collagen such as fibromus-
cular dysplasia, Marfan’s syndrome, and type IV
Ehlers–Danlos syndrome are also associated with
dissection.

Arterial dissection can result in the formation of a
pseudo-aneurysm. Rupture of dissected vertebral ar-
teries into the subarachnoid space is more common
in children. Rupture of dissected carotid artery pseu-
do-aneurysms into the neck or nasal sinuses is gen-
erally rare. Dissection can occur intracranially and,
on rare occasions, can spread intracranially from a
primary extracranial origin.

2.5 Primary Cardiac Abnormalities

2.5.1 Atrial Fibrillation

Atrial fibrillation (AF) is a major risk factor for debil-
itating stroke due to embolism. The Framingham
Stroke Study estimated that 14% of strokes occurred
because of AF. The prevalence of AF is high and in-
creases with age, peaking at 8.8% among people over
the age of 80 years. The risk of stroke in patients with
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AF also increases with age: as many as 5% of patients
over 65 with AF suffer embolic stroke.

These emboli often originate as a mural thrombus,
usually harbored by the fibrillating atrium, and more
specifically the atrial appendage, because of its po-
tential for regions of stagnant blood flow. Anticoagu-
lation with warfarin has been shown to decrease
stroke risk in elderly patients with AF or younger pa-
tients with concomitant heart disease, reducing the
risk of thrombus formation.

In the evaluation of the patient with AF who expe-
riences a stroke, it is important to determine whether
the prothrombin time is elevated. The risk of war-
farin-associated major hemorrhage, mostly intracra-
nial, is approximately 0.5% per year. A hemorrhagic
stroke, however, can still occur with a well-controlled
prothrombin time.

2.5.2 Myocardial Infarction

Myocardial infarction (MI) commonly causes intra-
ventricular thrombus to form on the damaged sur-
face of the endocardium. Acute anterior wall infarc-
tion with aneurysm formation is especially associat-
ed with thrombus formation and stroke. Poor left
ventricular function and ventricular aneurysm is
also associated with increased risk of embolic stroke.

2.5.3 Valvular Heart Disease

Atrial fibrillation with mitral valve disease has long
been considered a stroke risk factor. Mechanical
prosthetic valves are prime sites for thrombus forma-
tion; therefore, patients with these valves require an-
ticoagulation. Bacterial endocarditis can cause stroke
as well as intracerebral mycotic aneurysms. Inflam-
matory defects in the vessel wall, when associated
with systemic thrombolysis and anticoagulation,
rupture with subsequent lobar hemorrhage, and pre-
cipitate stroke.

Nonbacterial, or “marantic,” endocarditis is also
associated with multiple embolic strokes. This condi-
tion is most common in patients with mucinous car-
cinoma and may be associated with a low-grade dis-
seminated intravascular coagulation. A nonbacterial
endocarditis, called Libman–Sacks endocarditis, oc-

curs in patients with systemic lupus erythematosus
(SLE).

The role of mitral valve prolapse in stroke remains
controversial. Strands of filamentous material at-
tached to the mitral valve seen by echocardiography
have recently been reported as a risk factor for em-
bolic stroke.

2.5.4 Patent Foramen Ovale

Patent foramen ovale (PFO) occurs in approximately
27% of the population. Though the left-sided pres-
sures are usually higher that those on the right, the
flow of venous blood toward the foramen ovale can
direct some blood to the left side of the heart. In-
creases in right-sided pressures, which can occur
with pulmonary embolism or the Valsalva maneuver,
increase blood flow from right to left atrium. PFO has
been detected with increased incidence (up to 40%)
in young persons with stroke. It is thought that ve-
nous clots in the leg or pelvic veins loosen and travel
to the right atrium, and then cross to the left side of
the heart causing embolic stroke. This conclusion is
supported when stroke occurs in the context of deep
vein thrombosis (DVT) or pulmonary embolus (PE)
in a patient with PFO. Echocardiography has shown
these paradoxical emboli crossing the foramen ovale.
The diagnosis of PFO can be made by echocardiogra-
phy when bubble contrast is seen to cross to the left
side of the heart after intravenous injection, or bub-
ble contrast is seen on transcranial Doppler examina-
tion of the intracranial vessels. Without concurrent
DVT or PE it is never clear whether the PFO was
causal. In the recent Warfarin Aspirin Reinfaction
Study no difference in recurrent stroke risk was at-
tributable to the presence of PFO; nor was there a dif-
ference in recurrent stroke in patients treated with
aspirin compared to warfarin.

2.5.5 Cardiac Masses

Atrial myxoma is a rare atrial tumor that causes mul-
tiple emboli of either thrombus or myxomatous tis-
sue. When the myxomatous emboli occur from the
left atrium, they may cause the formation of multiple
distal cerebral aneurysms with risk of hemorrhage.
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Fibroelastoma is a frond-like growth in the heart that
is also associated with a high stroke risk.

2.6 Embolic Stroke

2.6.1 The Local Vascular Lesion

The occlusion of an intracerebral vessel causes local
changes in the affected vessel and its tributaries.
There is also a vascular change in the microcircula-
tion supplied by these vessels. As an embolus travels
toward the brain, it is forced into progressively nar-
rower vessels before it lodges in a vessel too small for
it to pass. The initial shape of emboli and their course
are not well known. Because the major vessels of the
Circle of Willis have lumen diameters of only
1–2 mm, dangerous clots need not be very large.
Some clots that have a string shape and curl, like
those from a deep vein, become temporarily stuck at
turns in the vessel, eventually becoming compacted
into a plug when they finally lodge. The vessel is often
distended. Symptoms localized to basilar branches
sometimes occur in the moments before a top of the
basilar ischemic syndrome occurs. Called the “basilar
scrape,” this is thought to result from temporary is-
chemia caused by the embolus as it travels up the ver-
tebral and basilar vessels to the bifurcation at the top
of the basilar artery. Emboli lodge at branch points,
such as the T-like bifurcation of the basilar into two
posterior cerebral arteries, and the T-like bifurcation
of the carotid into the ACA and MCA. The fork of the
MCA stem into the two or three divisions of the MCA
is another common lodging site for emboli. Small
branches coming off the large vessel at these sites will
be occluded. There are a number of thin penetrator
vessels that supply the midbrain and the overlying
thalamus that are occluded in the top of the basilar
embolus. The lumen of the anterior choroidal artery
is in the distal carotid. Coming off the middle cere-
bral stem are penetrators to the striatum and internal
capsule. Ischemia in these vascular territories that
have little collateral flow channels can quickly lead to
infarction as compared to ischemia in the cerebral
cortex, which can receive blood flow via leptomenin-
geal collaterals.

2.6.2 Microvascular Changes in Ischemic Brain

In contrast to the situation in occluded small vessels,
the vascular tree distal to an occlusion in a main cere-
bral vessel will not be occluded by the clot. In order to
keep blood flow at normal levels, the distal vascular
tree undergoes maximal vasodilatation. This vasodi-
latation is in part regulated by the action of nitric ox-
ide on the vascular wall. Ischemic vasodilatation will
attract collateral flow to the cortex from other vascu-
lar channels through leptomeningeal vessels. In the
fully dilated bed, the cerebral blood flow will be driv-
en by the blood pressure. As blood flow falls in the
microvessels there is potential for microvascular
thrombus formation. The endothelial surface of the
microvascular circulation normally has an anticoag-
ulant coating. Under ischemic conditions, it becomes
activated to express white blood cell adhesion mole-
cules. White blood cells attach to the vessel wall and
may mediate microvascular injury and microthrom-
bosis. In such a case, despite the recanalization of the
main feeder vessel, there is “no reflow”of blood to the
tissue. This loss of accessibility of the microvascula-
ture to the blood pool and decreased cerebral blood
volume are closely linked to infarction. In animal
studies, stroke size is decreased if white blood cell
counts are reduced or drugs are given to block white
cell adhesion. Free radical production by the white
blood cells is considered an important mediator of
vessel-wall injury in stroke.

Damage to the vessel wall is manifested as hemor-
rhage into the infarct. Hemorrhagic conversion of
embolic stroke is very common when examined by
magnetic resonance imaging (MRI) sequences sensi-
tive to magnetic susceptibility of the iron. In hemor-
rhagic conversion there are multiple small hemor-
rhages in the infarct that may not be apparent on CT
scan or may be seen as a hazy or stippled increase in
signal intensity. Large hemorrhages can also occur in
the infarcted tissue. The latter are more common in
large strokes that include the deep white matter and
basal ganglia. As opposed to hemorrhagic conver-
sion, which is usually not accompanied by clinical
change, the large hematoma in the infarcted zone is
often associated with worsened neurologic deficit.
These hematomas frequently exert considerable
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mass effect on adjacent brain tissue and can increase
intracranial pressure (ICP) and distort midbrain and
diencephalic structures. Since these hemorrhages
more commonly occur in the larger strokes, they of-
ten compound the mass effect due to ischemic ede-
ma. Hematoma formation is the major risk of throm-
bolytic therapy. The use of drugs that impair hemo-
stasis (anticoagulants) may increase the probability
of bleeding into a vascular territory with an injured
vascular wall. Hemorrhage occurs when the blood
flow and blood pressure are restored in a previously
ischemic zone. The injured vascular wall is incompe-
tent to withstand the hydrostatic pressure and the re-
turn of oxygen and white blood cells may also inten-
sify the reperfusion injury at the vascular wall.

The vascular wall also regulates the flow of large
molecules from the vascular space to the intercellular
space (the so-called blood–brain barrier). In is-
chemia, there is net movement of water into the brain
tissue. This is the basis of the increased T2 signal on
MRI and the low density on CT in the first few days
after stroke. At variable times after stroke, contrast
imaging studies show that large molecules also cross
into the brain tissue. The net water movement into
brain, ischemic edema, can lead to secondary brain
injury as a result of increased ICP and the distortion
of surrounding tissues by the edematous mass effect.
Mass effect, causing clinical worsening and classical
herniation syndromes, is not uncommon in patients
with large MCA strokes.

2.6.3 MCA Embolus

An embolus to the MCA is common and can cause a
catastrophic stroke. It is also amenable to rapid ther-
apy. For these reasons, special emphasis is placed
here on this stroke subtype. As discussed above,
carotid stenosis and occlusion cause stroke by artery-
to-artery embolus into the MCA territory or by caus-
ing a low-flow state. This gives rise to the clinical syn-
drome of MCA stroke. Distinguishing features of
carotid stenosis include the common occurrence of
multiple stereotypic spells of transient ipsilateral
hemispheric or monocular dysfunction. In addition,
in carotid stenosis multiple emboli may occur over a
short period of time. In some cases of embolus to the

MCA from a severely stenotic carotid, the embolus
may be less well tolerated and the stroke more severe
due to the lower perfusion pressure above the carotid
lesion. Embolus from the carotid to the MCA can also
occur from the stump of a completely occluded
carotid. If the occlusion is hyperacute, then it is often
possible to dissolve the fresh clot in the extracerebral
carotid with urokinase and advance the catheter to
treat the intracerebral clot. This can be followed by
angioplasty of the carotid stenosis. However, if the
carotid occlusion is more chronic, the organized clot
extends up from the occlusion in the neck intracra-
nially and may prevent passage of the catheter. This
will preclude intra-arterial thrombolysis of the MCA
clot.

2.6.4 Borderzone Versus Embolic Infarctions

Carotid stenosis can also cause low-flow stroke when
the collateral flow from the anterior communicating
artery (ACoA), PCoA, and retrograde through the
ophthalmic artery is insufficient to perfuse the ipsi-
lateral hemisphere. Low flow causes symptoms and
infarction in the distal cortical watershed territory
between the distal branches of the ACA, MCA, and
PCA. The actual boundaries between these territories
may shift due to increased flow through the ACA or
PCA to supply the MCA. The classic presentation is
called the “man in the barrel syndrome.” The water-
shed ischemia causes dysfunction in the regions for
motor control of the proximal arm and leg. There
may be an aphasia known as “transcortical aphasia”
due to disconnection of the laterally placed language
areas and medial cortex. In transcortical aphasia,
repetition is relatively preserved. In transcortical mo-
tor aphasia there is hesitant speech but preserved
comprehension. In transcortical sensory aphasia,
comprehension is more severely impaired than
speech. Cortical watershed stroke is seen on imaging
as a thin strip of infarction that runs from the poste-
rior confluence of the MCA, ACA, and PCA branches
in the posterior parietal cortex extending forward on
the upper lateral surface of the cerebrum. On axial
scans there is a small region of stroke on each of the
upper cuts; only by mentally stacking the images
does the examiner appreciate that the lesions are con-
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tiguous and form an anterior to posterior strip of
stroke. The strip overlies the motor areas for control
of the proximal leg and arm. A cortical watershed in-
farction is not entirely specific for low flow, because it
can also be caused by showers of microemboli that
lodge in the region of neutral hydrostatic pressure.

In addition to the cortical watershed, there is also
an internal watershed formed by the junction of the
penetrator arteries from the MCA and the lep-
tomeningeal cortical vessels that enter the cortex and
extend into the white matter. This watershed again
forms a strip that lies in the white matter just above
and lateral to the lateral ventricle. Instead of a strip of
contiguous stroke the internal watershed region usu-
ally undergoes multiple discrete circular or oval
shaped strokes that line up in an anterior to posteri-
or strip. Internal watershed infarction may be more
specific for low-flow stroke.

2.7 Lacunar Strokes

Penetrator vessels come off the basilar artery, the
middle cerebral stem, and the PCA at right angles to
the parent vessel. Small-vessel occlusive disease is al-
most entirely related to hypertension and is charac-
terized pathologically by lipohyalinosis and fibrinoid
necrosis of small 80- to 800-mm penetrator vessels.
Occlusion of these penetrators causes small infarcts,
termed lacunars, in their respective vascular territo-
ries, most commonly in the caudate, putamen, exter-
nal capsule, internal capsule, corona radiata, pontine
tegmentum, and thalamus. Hypertensive hemor-
rhage occurs in these same regions and is due to the
same hypertensive changes in the penetrator vessels.
The deficits caused by these small strokes are a func-
tion of their location. Because the penetrator vessels
supply deep white matter tracts as they converge in
the internal capsule or brainstem, the consequence of
lacunar stroke is often related to disconnection of
neural circuits.

Lacunar strokes are especially common in patients
who have diabetes in addition to hypertension. Lacu-
nar strokes can cause immediate motor and sensory
deficits, though many patients recover considerable
function in the weeks or months following lacunar-

stroke onset. In the National Institute of Neurological
Disorders and Stroke Recombinant Tissue Plasmino-
gen Activator Stroke Study (NINDS rt-PA Study),
50% of patients returned to a normal functional lev-
el within 3 months without rt-PA treatment. In the
group receiving rt-PA, the probability of good recov-
ery increased to 70%.

A number of clinical syndromes commonly occur
due to lacunar strokes (see Table 2.3). However, the
clinical symptoms may not be specific for the chron-
ic occlusive disease of the small penetrator vessels
described above. Of special importance is the infarct
in a penetrator territory caused by disease of the par-
ent vessel. In some cases, the penetrator stroke is only
one, sometimes the first, of many regions to undergo
infarction due to major vessel occlusion. In basilar ar-
tery occlusive disease, ischemia in the distribution of
a single penetrator may occur as the “opening shot.”
On succeeding days, the origin of multiple penetra-
tors becomes occluded due to the propagation of mu-
ral thrombus in the vessel. In addition, atherosclero-
sis in the parent vessel may narrow the lumen at the
origin of the penetrators.

Atherosclerosis may also occur in some of the
larger penetrators. Large strokes, or giant lacunes,
occur as a result of the occlusion of multiple penetra-
tors with occlusive disease in the parent vessel. This is
particularly common in the MCA territory where
leptomeningeal collateral flow preserves the cortex,
but absence of collateral flow to the penetrator terri-
tory results in infarction.

In some cases, showers of small emboli cause pen-
etrator strokes as well as cortical strokes. Small em-
boli may also reach these vessels. Chronic meningitis
due to tuberculosis or syphilis commonly causes
stroke in the penetrator territory due to inflamma-
tion around the parent vessel at the base of the brain
with occlusion of the thin penetrators exiting through
the inflammatory reaction (Table 2.4 lists the causes
of lacunar infarcts).
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Table 2.3. Clinical lacunar syndrome and infarct location

Clinical syndrome Location of lacunar stroke

Pure motor hemiparesis involving face, arm, and leg Contralateral posterior limb internal capsule 
or overlying corona radiata

Contralateral pontine tegmentum

Pure unilateral sensory loss involving face, arm, and leg Contralateral thalamus

Hemiparesis with homolateral ataxia Contralateral thalamocapsular region

Upper third of the contralateral medial pons

Dysarthria, clumsy hand Contralateral lower third of the medial pons

Hemisensory loss and homolateral hemiparesis Genu of the internal capsule

Sensory loss around corner of mouth Thalamocapsular region
and homolateral weakness of hand

Table 2.4. Causes of lacunar infarcts. (CSF Cerebrospinal fluid, CTA CT angiography, ESR erythrocyte sedimentation rate,
MRA magnetic resonance angiography, MRI magnetic resonance imaging, RPR rapid plasma reagent) 

Vascular lesion underlying Clue to diagnosis
penetrator vessel stroke

Hyalinization and fibrinoid necrosis History of hypertension, especially with diabetes.
Small lesion <1 cm diameter in the distal territory 
of the penetrator. Often multiple, bilateral, and even 
symmetrically placed lesions

Atherosclerosis of the parent vessel occluding Stenosis in the parent vessel on MRA, CTA,
the lumen of the penetrator by athero or thrombus transcranial ultrasound or direct angiography

Large infarct that extends to the origin of the penetrator 
from the parent vessel.

Multiple strokes in the distribution of the same parent vessel

Atherosclerosis in the penetrator vessel Large infarct in penetrator territory with normal parent 
vessel lumen on CTA/MRA/direct angiography

Chronic meningitis Large infarct in the penetrator territory.

Rapidly progressive stroke course, presence of fever,
chronic headache, elevated ESR, abnormal RPR, inflammatory CSF

Narrowing of the lumen with gadolinium enhancement 
of the parent vessel on MRI

Emboli to the penetrator Evidence of other small emboli. No history of hypertension 
or atherosclerosis
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2.8 Other Causes of Stroke

2.8.1 Inflammatory Conditions

Primary granulomatous angiitis of the central nerv-
ous system causes progressive ischemic brain injury.
Blood vessels of various sizes are affected by inflam-
mation and, on occasion, hemorrhage occurs in addi-
tion to stroke. Granulomatous angiitis can occur in
the MCA ipsilateral to V1-distribution Herpes zoster
or in the vertebral after C2-distribution Herpes
zoster. The cerebrospinal fluid (CSF) often shows
signs of inflammation. Diagnosis is commonly made
after a biopsy of the leptomeningeal vessels demon-
strates the granulomatous inflammation. When
caught in its early stages, treatment with cyclophos-
phamide and/or steroids can reverse the process. Left
untreated, the disease is usually fatal and causes
severe diffuse or multifocal brain injury.

Systemic lupus erythematosus (SLE) has a variety
of presentations in the nervous system. Stroke-like
events can occur, along with seizures and en-
cephalopathy due to a small vessel vasculopathy. A
circulating factor that increases the partial thrombin
time (PTT), so-called lupus anticoagulant or anticar-
diolipin antibody, is associated with arterial throm-
bosis. A nonbacterial endocarditis may be a cause of
embolic stroke.

Temporal arteritis is a giant cell arteritis seen in
older adults with an elevated erythrocyte sedimenta-
tion rate, an elevated fibrinogen level, and a thick-
ened wall of the extracranial carotid branches. Tem-
poral arteritis can cause headache, tenderness over
the temporal artery, jaw claudication, and transient
visual loss. It is sometimes associated with polymyal-
gia rheumatica. It occasionally affects the vertebral
artery.

Takayasu’s arteritis is a giant cell arteritis of
the large vessels off the arch of the aorta. It can cause
occlusive disease in the carotid and the vertebrals,
leading to stroke. Polyarteritis nodosa has rarely
been reported to affect intracranial vessels. Sickle cell
disease causes extracranial carotid stenosis or occlu-
sion.

The beta amyloid that is deposited in plaques of
patients with Alzheimer’s disease can also infiltrate

the walls of the small blood vessels that supply the
cortex. This amyloid angiopathy is a common cause
of lobar hemorrhage in the elderly, most of whom do
not have Alzheimer’s disease. Some patients present
with transient neurologic deficits prior to their hem-
orrhage. Small microinfarctions can occur in the cor-
tex, in addition to multiple hemorrhages. Hemor-
rhage is found to occur in those patients who have a
combination of amyloid deposition in the vessel wall
and fibrinoid necrosis of the vessel wall. Amyloid an-
giopathy is considered a major risk factor for intrac-
erebral hemorrhage in patients receiving throm-
bolytic drugs for MI or stroke.

Moya-moya disease is an unusual condition caus-
ing progressive stenosis and occlusion of the internal
carotid and the vessels of the Circle of Willis. Recur-
rent stroke as well as occasional hemorrhage charac-
terize the clinical syndrome.A proliferation of collat-
eral vessels into the deep penetrator territory leads to
an appearance of a “puff of smoke” on direct angiog-
raphy.

2.8.2 Venous Sinus Thrombosis

Venous sinus thrombosis can cause focal neurologic
deficits, often with seizures, headache, and other
signs of raised intracranial pressure. Venous strokes
are frequently hemorrhagic and located in the prox-
imity of the occluded sinus– parasagittal in a sagittal
sinus thrombosis, temporal lobe in a transverse sinus
thrombosis, and thalamus in a straight sinus throm-
bosis. Venous sinus thrombosis is seen in patients
with hypercoagulable state or as a consequence of
infiltration of the major sinus by tumor or infection.

2.8.3 Vasospasm in the Setting 
of Subarachnoid Hemorrhage

Subarachnoid hemorrhage (SAH) is most commonly
caused by rupture of an intracranial aneurysm. It can
result in vasospasm that may cause ischemia and in-
farction. Vasospasm due to SAH is thought to occur
in the majority of cases of SAH, but is symptomatic in
about a third of this population. Permanent neuro-
logical injury may occur in 10% or more.Vasospasm
peaks around 1 week after SAH, but it can be seen as
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early as 3 days or as late as 3 weeks after the initial
event. The underlying mechanisms are not under-
stood, but vasospasm is clearly related to the amount
of blood in the subarachnoid space.

2.8.4 Migraine

Epidemiological studies have demonstrated that mi-
graine is associated with ischemic stroke independ-
ent of other risk factors. The mechanism is unknown,
but potential factors include vascular hyper-reactivi-
ty, and sensitivity to or increased amount of vasoac-
tive substances.

2.8.5 Primary Hematologic Abnormalities

Clotting systems disorders that cause systemic bleed-
ing are associated with increased risk of intracerebral
hemorrhage. Coumadin use is perhaps the most com-
mon cause of intracerebral hemorrhage, followed by
thrombocytopenia. Thrombotic thrombocytopenic
purpura (TTP) is most commonly manifested as is-
chemic stroke and should be treated by emergency
plasmapheresis, which can reverse the microvascular
thrombosis. Hypercoagulable states, such as protein C
or S deficiency and Factor V Leiden mutation, in-
crease the risk of venous sinus thrombosis. Arterial
and venous occlusions occur in anticardiolipin syn-
drome along with fetal wasting and livedo reticularis.
A hypercoagulable state with venous sinus thrombo-
sis commonly occurs in the post-partum period or in
severely dehydrated patients (see Table 2.5).

2.9 Conclusion

There are many causes of stroke. In the past, the spe-
cific etiology of a stroke often remained mysterious.
In present day medicine, specialists can often identi-
fy the etiology in minutes by analyzing the patient’s
history, clinical evaluation, and imaging results. Iden-
tifying the cause of a stroke in each case is critical for
treating a hyperacute stroke, minimizing its progres-
sion, and preventing its recurrence.

Table 2.5. Other causes of stroke

Inflammatory conditions
Primary granulomatous angiitis
Systemic lupus erythematosus
Temporal arteritis
Takayasu’s arteritis

Venous sinus thrombosis

Vasospasm in the setting of subarachnoid hemorrhage

Migraine

Primary hematologic abnormalities
Thrombotic thrombocytopenic purpura
Protein C or S deficiency
Factor V Leiden mutation
Anticardiolipin syndrome
Fetal wasting
Livedo reticularis
Post-partum period
Severe dehydration states
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3.1 Introduction

The speed, widespread availability, low cost, and ac-
curacy in detecting subarachnoid and intracranial
hemorrhage have led conventional computed tomog-
raphy (CT) scanning to become the first-line diag-
nostic test for the emergency evaluation of acute
stroke [1–6]. Head CT scans can detect ischemic
brain regions within 6 h of stroke onset (hyperacute).
According to reports by Mohr and González, the in-
troduction of such early detection is comparable to
that of conventional T2-weighted magnetic reso-
nance imaging (MRI) [7–12]. For example, based on
68 patients imaged within 4 h of stroke onset, Mohr et
al. [11] concluded that CT was equivalent to MRI in
its ability to detect the earliest signs of stroke
(Table 3.1, Figs. 3.1–3.5).
Importantly, the identification of ischemic brain tis-
sue by CT not only defines regions likely to infarct,
but also may predict outcome and response to intra-
venous (i.v.) or intra-arterial (i.a.) thrombolytic ther-
apy [13]. Most commonly, CT is used to exclude
parenchymal hemorrhage and significant established
infarction. Unenhanced CT findings can additionally,
in some settings, help to predict hemorrhagic trans-
formation of already necrotic tissue following arteri-
al reperfusion.

Sensitivity values for the CT detection of stroke
vary in the literature. These differences are largely
caused by the variance in study design and focus, the
vascular territory in question, and the generation of
CT scanner used. Because control groups without
stroke are not commonly included as subjects in
published reports, the specificity of CT scanning 
in stroke detection is not well established [14].

Unenhanced Computed
Tomography
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This chapter will review the role of conventional
noncontrast CT (NCCT) scanning in the evaluation
of hyperacute stroke patients, and will discuss data
acquisition and image interpretation techniques, the
physical basis of CT imaging findings, and the accu-
racy and clinical utility of CT scanning.

3.2 Technique

NCCT scanning of acute stroke patients presenting to
the Massachusetts General Hospital is typically per-
formed in the Emergency Department using a multi-
detector helical scanner. Precise imaging parameters
will depend on the type (16-slice, 4-slice, etc.) and
vendor of the CT scanner used; however, the overall
goal of imaging is to maximize image quality – espe-
cially of the posterior fossa structures – while mini-
mizing radiation dose, helical (“windmill”) artifact,
and image noise. To this end, a useful general princi-
ple is to use a helical pitch less than 1 (for maximal
helical overlap, 0.5–0.66 is often optimal), a relatively
slow table speed (5–8 mm/s), rapid gantry rotation
(0.5–0.8 rotations/s, to better freeze motion), and the
smallest possible focal spot setting. We present a
sample head CT protocol, using the GE 4-slice Light-
Speed Helical CT scanner, below (Table 3.2).

The following technique is routinely utilized:
140 kV, 170 mA (the maximal possible mA using
small focal spot size), 5 mm slice thickness, 5 mm im-
age spacing, 0.75 pitch, 0.8 s rotation time and 22 cm
field of view. Image reconstruction is with both
“head” and “bone” algorithms; use of other algo-
rithms will degrade the quality of brain tissue visual-
ization. Coverage is from the skull base to the vertex,
using contiguous axial slices. The scans are some-
times obtained in a head-holder so as to optimize
image registration between the noncontrast and
contrast images for patients that undergo CT angio-
graphy (CTA) immediately following conventional
CT. As already noted, the above scanning parameters
were chosen as a tradeoff between maximizing reso-

Table 3.1. CT findings that are useful in the detection of
acute ischemia (“early ischemic signs”; EIS)

1. Focal parenchymal hypodensity
– Of the insular ribbon (Fig. 3.1)
– Of the lenticular nuclei (Fig. 3.2a)

2. Cortical swelling with sulcal effacement 
(Figs. 3.2a, 3.3, 3.4)

3. Loss of gray-white matter differentiation 
(Figs. 3.1, 3.2a, 3.3, 3.4)

4. Hyperdense MCA sign (Fig. 3.5)

Figure 3.1

Brain CT image of a 56-year-old male, with acute onset
of right hemiparesis and Broca’s aphasia. Conventional
noncontrast computed tomography (NCCT) demon-
strates hypodensity of the left insular cortex, the so-
called insular ribbon sign (arrow)

Table 3.2. Technique for optimal NCCT image acquisition

Helical pitch <1 (“high-speed” helical techniques 
produce unacceptable reconstruction artifacts 
in the posterior fossa)

Slow table speed (5–8 mm/s)

Rapid gantry rotation (0.5–0.8 rotations/s)

Smallest possible focal spot setting
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Figure 3.2 a, b

a Brain CT image of a 37-year-old white male, last seen normal at 10 p.m., found early next morning with right hemiple-
gia and severe aphasia. Axial noncontrast CT demonstrates early ischemic changes: i, ii hypodensity of the lenticular
nucleus and caudate head (arrows), and iii cortical swelling with sulcal effacement (arrows). b Similar scan to a,
showing right lenticular hypodensity (left arrow), but without stroke symptoms, which demonstrates the pitfall of 
patient’s head tilt in the CT scanner gantry causing a “pseudolesion” due to right–left asymmetry within a given slice.
This illustrates the importance of reviewing all contiguous CT slices, and awareness of possible imaging artifacts.
Here, the patient is tilted, with asymmetry of the lateral ventricles and sylvian fissures. Additionally, the left frontal 
hypodensity (right arrow) is due to beam hardening artifact

a

b

i ii iii
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Figure 3.3 a, b

Patient found to be unrespon-
sive following a coronary artery
bypass graft (CABG) procedure.
a NCCT obtained 36 h post-CABG
demonstrates bilateral occipital
hypodensities (arrows). b The
“fogging effect” is noted on the
NCCT obtained 18 days post-pro-
cedure, with temporary resolu-
tion of the parenchymal hypo-
densities. On subsequent follow-
up CT scans (not shown), cavita-
tion occurred in the originally
hypodense regions (see text)

a b

Figure 3.4 a, b

CT image of a 32-year-old right-handed male, found with left hemiparesis, dysarthria and left hemianopsia. a NCCT
performed 12 h post-ictus shows extensive cortical and subcortical parenchymal hypodensity, with sulcal effacement
and compression of the right lateral ventricle, covering an area greater than one-third of the MCA territory (left arrow).
Such findings within the first 3–6 h of stroke onset would typically preclude thrombolytic therapy. b Correlative diffu-
sion-weighted MRI (MRI-DWI), performed 1 h before the NCCT, demonstrates restricted diffusion in the same region 
(right arrow)

a b
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lution and image contrast of the brain parenchyma
(most notably in the posterior fossa), and minimiz-
ing both scan time and patient radiation dose. Again,
we discourage the use of “high-speed” helical tech-
nique (pitch >1) for brain imaging, as the degree of
helical reconstruction artifact through the posterior
fossa may produce images of unacceptable diagnos-
tic quality. A value of 170 mA is specifically chosen in
order to take advantage of the small x-ray tube focal
spot setting. It is noteworthy that, using this scan pro-
tocol, the resulting axial 5-mm-thick source images
can be reformatted to 2.5-mm-thick slices in either
the bone or soft tissue algorithm, should the need
arise. With the newest generation scanners (16-slice
or greater) reformatting to even thinner slices can be
achieved – of great value for three-dimensional (3D)
reconstructions in the sagittal or coronal imaging
planes.

3.3 Physical Basis of Imaging Findings

CT scans measure x-ray beam attenuation through a
region of interest, attenuation being directly pro-
portional to tissue density. For the purpose of image
reconstruction, attenuation values are expressed as
Hounsfield Units (HU), a linear density scale in
which water has an arbitrary value of zero [15]. Thus,
tissues denser than water – including brain
parenchyma, muscles, blood, and bone, which have
higher attenuation values – occupy the positive side
of the Hounsfield scale, and are assigned a gray-scale
brightness that is “lighter” than water. Conversely,
low-density tissues – including fat and air – have
negative Hounsfield values, and hence appear “dark-
er” than water on head CT images. Typically, gray
matter has an attenuation value of approximately
30–35 HU; and white matter, 20–25 HU [15]
(Table 3.3).

The pathophysiology underlying the ischemic
changes detected by CT is outlined in a prior review
by Marks [4]. The finding of early (up to 6 h)
parenchymal hypodensity has been hypothesized to
be secondary to cytotoxic edema, caused by lactic
acidosis and failure of cell membrane ion pumps due
to an inadequate ATP supply [16]. This process may
involve redistribution of tissue water from the extra-
cellular to the intracellular space, but because there is
little overall change in net tissue water, there is only
minimal reduction in gray and white matter brain

Figure 3.5

CT image of a 32-year-old right-handed male with 
left hemiparesis, dysarthria and left hemianopsia.
NCCT performed 12 h post-ictus shows a hyperdense 
vessel sign of the right middle cerebral artery (MCA)
(“HMCAS”) (arrow)

Table 3.3. Hounsfield Scale

Negative Zero Positive

Air(<–1000 HU) Water Bone, metal (>1000 HU)

Fat (–30 to –70 HU) Punctate calcifications
(30–500 HU)

Blood (60–100 HU)

Gray matter (30–35 HU)

White matter
(20–25 HU)

Muscle (20–40 HU)

A 1% increase in net tissue water Æ 2.5 HU decrease on NCCT
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parenchymal Hounsfield attenuation. Alternatively,
hypodensity due to vasogenic edema (beyond 3–6 h)
is caused by loss of tight junction endothelial cell
integrity and appears only if residual or resumed per-
fusion is present [16]. The HU attenuation of acutely
ischemic brain parenchyma is directly proportional
to the degree of edema; for every 1% increase in
tissue water content, x-ray attenuation decreases by
3–5%, which corresponds to a drop of approximately
2.5 HU on CT imaging [4, 17, 18]. This has also been
observed in a recent rat model of acute middle cere-
bral artery (MCA) occlusion [19].

Such small changes in HU can be difficult to detect
by eye, especially given the inherent noise in CT scan-
ning – hence the need for optimal “window width”
and “center level” review settings, discussed in the
following section. In this regard, the superiority of
diffusion-weighted imaging (DWI) in revealing cyto-
toxic edema in very early stages of infarction remains
unrivaled. The “restriction” of apparent diffusion
coefficient (ADC) values during the early stages of
cerebral ischemia reflects decreased Brownian mo-
tion of water molecules in both the intra- and extra-
cellular spaces. In the subacute period, between 7 and
10 days after stroke onset, the appearance of vaso-
genic edema leads initially to a recovery of ADC val-
ues, and afterwards to their increase. In acute stroke,
a correlation between this ADC restriction and the
decrease in CT attenuation has been observed; how-
ever, the time courses of these processes are different,
suggesting a differing underlying physiology.Where-
as the reduction in ADC is nearly complete within
90 min of stroke onset, CT attenuation continues to
linearly decrease over several hours [20]. Interesting-
ly, ADC values tend to be lower in regions with early
NCCT hypodensity than in those without, supporting
the observation that hypodense regions on CT are
likely to be irreversibly infarcted, despite early re-
canalization [21].

Of note, an interesting phenomenon that some-
times occurs in the subacute phase of stoke is the “CT
fogging effect,” in which irreversibly infarcted re-
gions “disappear” on unenhanced CT performed on
older generation scanners, 2–6 weeks after stroke
onset (Fig. 3.3). With “fogging,” the acute-phase CT
low attenuation – due to edema – is thought to re-

solve, to be replaced by higher attenuation infiltra-
tion of macrophages and neo-capillarity within the
infarcted tissue bed. The infarct “reappears” in the
late phase, as tissue cavitation occurs [22].

3.4 Optimal Image Review

3.4.1 Window-Width (W) 
and Center-Level (L) CT Review Settings

Because the reductions in Hounsfield attenuation
accompanying early stroke are small – indeed, often
barely perceptible to the human eye – the precise
window and level settings (measured in HU) used for
CT image review are potentially important variables
in the detection of subtle ischemic hypodensity.
These settings are known to influence lesion con-
spicuity and diagnostic accuracy in diseases other
than stroke. For example, in the CTA evaluation of
severe carotid artery stenosis, optimal window and
level viewing parameters are required for precise
luminal diameter measurement [23, 24]. In abdomi-
nal CT, the routine use of narrow “liver windows” has
been advocated in order to improve soft tissue con-
trast within the liver, thereby increasing the con-
spicuity of subtle lesions [25]. A study from our
group has shown that the CT detection of acutely
ischemic brain parenchyma is facilitated by soft copy
review using narrow, nonstandard window and level
settings, in order to accentuate the small attenuation
difference between normal and ischemic gray and
white matter (Fig. 3.6) [26].

Specifically, NCCT images from stroke patients
were first reviewed using standard settings of ap-
proximately 80 HU W and 20 HU L (virtual hard
copy), and then using nonstandard, variable soft
copy, narrow window and level settings, initially cen-
tered at approximately 8 HU W and 32 HU L. Using
the standard viewing parameters, the sensitivity and
specificity for stroke detection were 57% and 100%,
respectively. Sensitivity for stroke detection in-
creased to 71% when images were reviewed using 
the nonstandard, narrow window and level settings,
with no loss of specificity (P=0.03). Moreover, the use
of interactive, soft copy window and level settings 
did not significantly increase the time required for
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Figure 3.6 a, b

a CT image of a 79-year-old fe-
male, 5 h post onset of left-sided
hemiplegia. i, iii Images are dis-
played using standard noncon-
trast CT review settings (window
width of 75 HU and center level
of 20 HU). ii, iv Images are dis-
played using narrow, nonstan-
dard review settings (window
width of 16 HU and center 
level of 31 HU). Although early
ischemic changes (insular rib-
bon sign and hypoattenuation
of the lentiform nucleus) are
subtly present on the standard
setting images, these become
more conspicuous with the non-
standard review settings (arrows).
b Another example of the im-
portance of nonstandard win-
dow and level review settings.
An 18-year-old male, evaluated
in the Emergency Department
after a construction accident.
i Standard NCCT review settings
fail to accurately distinguish
subtle right convexity subdural
hematoma from bone. ii Non-
standard review settings (center
level = 80 HU, window width =
200 HU), with which hemor-
rhage and bone are assigned
different gray scale values, facili-
tate the detection of the subtle
right frontal hematoma (arrows)

a

b

i

iii

i ii

iv

ii
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scan interpretation over that needed using standard
settings (Table 3.4).

3.4.2 Density Difference Analysis (DDA)

The idea of exploiting the subtle difference in densi-
ty between normal and acutely edematous brain tis-
sue in order to improve stroke detection is not new.A
1997 report described an automated post-processing
method for the CT detection of MCA territory in-
farcts using histographic analysis of density values
[14]. Attenuation values for each CT slice were
recorded in both hemispheres, and a density-differ-
ence diagram was calculated by subtraction of the left
hemisphere histogram from that of the right. Using
DDA, the detection rate for infarcts increased from
61% to 96%. All normal studies were correctly inter-
preted, and in no case was a correct diagnosis on the
unprocessed CT images revised using DDA [14]. Un-
like the use of narrow soft-copy window and level-re-
view settings however, DDA requires specialized
post-processing equipment and additional interpre-
tation time.

3.5 CT Early Ischemic Changes:
Detection and Prognostic Value

3.5.1 Early Generation CT Scanners

Estimates of hyperacute stroke detection rates for
NCCT vary. Early generation CT scanners often failed
to detect stroke during the first 48 h after stroke on-
set [27]. In contrast to this, a 1989 study of 36 patients

with MCA infarction reported that 70% of CT exam-
inations obtained within 4 h of stroke onset showed
focal decreased attenuation consistent with tissue
ischemia [28].

3.5.2 Early CT Findings in Hyperacute Stroke

NCCT findings within the first 3–6 h of stroke onset –
when present – are typically subtle, and are mainly
the result of tissue edema caused by early infarction,
as previously described. The “classic” early ischemic
changes (EIC) of stroke CT imaging are: (1) loss of
gray–white matter differentiation in cortical gyri,
basal ganglia or insula (the so-called insular ribbon
sign); (2) loss of cortical sulci or narrowing of the
sylvian fissure; (3) compression of the ventricular
system and basal cisterns; and (4) hyperdensity in a
Circle of Willis vessel due to the presence of occlusive
thrombus, most notably in the middle cerebral artery
(proximal MCA, also known as “hyperdense MCA
sign,” HMCAS, Fig. 3.5) [29]. The more recently de-
scribed “MCA-dot sign” is indicative of thrombus in
the more distal MCA sylvian branches (M2 or M3),
and can frequently be seen without HMCAS. Normal
attenuation values within the MCA are approximate-
ly 40 HU, whereas in the setting of thromboem-
bolism, these values are increased to about 80 HU.An
HU ratio >1.2 between the affected and contralateral,
unaffected artery, in the setting of acute stroke symp-
toms, is considered suspicious of thrombus. The
differential diagnosis of HMCAS includes calcified
atherosclerosis, and high hematocrit levels [30].

Of the features listed above, parenchymal hypo-
density is the most important. EIC have been report-
ed in hyperacute, acute, and subacute stroke. In hy-
peracute stroke (0–3 h of stroke onset),EIC have been
shown in up to 31–53% of cases [12, 31]. Tomura [7]
reported a 92% rate of lentiform nucleus obscuration
within 6 h of MCA stroke [7]. In another series of 53
patients studied within 5 h of angiographically
proven MCA occlusion prior to i.v. thrombolysis, ear-
ly CT showed hypodensity in 81%, brain swelling in
38%, and a hyperdense MCA in 47% [13]. Despite
these different results with respect to the detection of
EIC according to the stroke timeframe, it has been
reported that there does not seem to be increased de-

Table 3.4. Stroke detection with soft copy NCCT review.
(L = Center-level CT review setting, W = window-width CT
review setting)

Standard settings Narrow,
(80 HU W, non-standard 
20 HU L) settings

(8 HU W, 32 HU L)

Sensitivity 57% 71%

Specificity 100% 100%

p = 0.03
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tection of EIC on NCCT within the 4–6 h post-stroke
period as compared to the first 2–3 h post-stroke
[11]. Early hypodensities have a high (87%) positive
predictive value for stroke as seen on follow-up neu-
roimaging exams [13, 31].

Cortical swelling and sulcal effacement have not
been clinically useful indicators of acute infarction.
One series found no swelling in the first 3 h post-
ictus; another found swelling in only 23% of patients
imaged within 3 h [7, 8].

HMCAS, first described by Pressman in 1987, is a
specific but insensitive indicator of acute MCA
stroke; estimates of its incidence range from 1% to
50% [4, 29]. The presence of HMCAS depends on two
factors: section thickness and delay between stroke
onset and CT scanning [30]. Hyperdense attenuation
of other arteries, such as the basilar, may also indicate
the presence of thrombus; however, in our experi-

ence, this can frequently be seen with “normal”NCCT
scans due to beam hardening of the posterior fossa,
and therefore caution is advised in interpreting this
finding (Fig. 3.7). Despite this, EIC in posterior cir-
culation stroke has been reported: in one study of
40 patients with known acute basilar thrombosis,
parenchymal signs of ischemia were seen in 27%,
and a hyperdense basilar artery was present in 70%.
A major criticism of these results is that CT evalua-
tion was retrospective and unblinded, as all patients
underwent i.a. thrombolysis [32].

3.5.3 Prognostic/Clinical Significance of EIC

The early CT findings listed above not only facilitate
stroke detection, but can also help to predict progno-
sis and the response to thrombolytic therapy [10, 13,
33–35]. For example, in a study that revealed HMCAS

Figure 3.7 a, b

Image of a 44-year-old right-handed male, 5.5 h post onset of slurred speech, drowsiness, and left hemiparesis. The
patient was immediately intubated in the Emergency Department. a NCCT shows dense vessel sign at the top of the
basilar artery (left arrow). b CT angiography confirms the presence of a clot in the distal basilar artery (right arrow)

a b
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in 18 of 55 (33%) patients presenting within 90 min
of stroke onset, HMCAS was predictive of poor out-
come after i.v. thrombolysis; a National Institutes of
Health Stroke Scale (NIHSS) score of greater than 10
was an even better predictor of poor outcome [36].
Another group reported that early low attenuation in
more than 50% of the MCA territory is predictive of up
to 85% mortality,with poor outcome in survivors [13].

In the large i.v. thrombolysis trials, such as The
European Cooperative Acute Stroke Study (ECASS) I,
National Institute of Neurological Disorders and
Stroke (NINDS) Study, and ECASS II, much attention
was paid to the presence of EIC and their correlation
with clinical outcome, in the hope of determining
accurate prognostic indicators. The conclusions of
these analyses – many of which were performed post-
hoc – have been controversial, in part due to hetero-
geneous confounding variables such as varying
reverse recombinant tissue plasminogen activator
(rt-PA) doses, treatment times, stroke subtypes, and
CT reader training.

ECASS I, a double-blind placebo-controlled trial
of i.v. thrombolysis administered within 6 h of hemi-
spheric stroke onset, was performed from 1992 to
1994, and involved 620 patients at 75 centers in 14 Eu-
ropean countries [1, 37]. In this study, patients with
initial CT findings of greater than one-third MCA
territory hypodensity or sulcal effacement were
shown to have an increased risk of fatal intrapar-
enchymal hemorrhage after treatment (Fig. 3.4). Be-
cause of this, these findings are considered by some
to be contraindications to thrombolytic therapy [10,
34, 35, 37, 38]. However, it is controversial whether
this rule is applicable when only subtle early ischemic
parenchymal changes are present (Table 3.5).

In the NINDS Study, which showed a benefit of
i.v. thrombolysis administered within 3 h of stroke
onset, there was a trend towards improved outcome
despite the presence of early CT hypodensity [35]. In
this trial, 624 patients were randomized to i.v. rt-PA
versus placebo. Patients with hemorrhage on initial
CT were excluded from the NINDS Study, a less strict
entry criterion than was applied in the ECASS trial, in
which patients with either early hemorrhage or sig-
nificant parenchymal hypodensity on initial CT were
excluded. In neither study was angiographic proof of

a vascular occlusion amenable to thrombolytic treat-
ment obtained prior to the administration of rt-PA.
In NINDS, patients with hypodensity greater than
one-third of the MCA territory had an odds-ratio of
2.9 for symptomatic hemorrhage, whereas patients
with hypodensity less than one-third of the MCA ter-
ritory had an odds-ratio of 1.5 [31]. In a different
study of 1025 stroke patients treated with rt-PA, hy-
podensity greater than one-third of the MCA territo-
ry was also an independent risk factor for sympto-
matic hemorrhage [39].

Another controversy is that, in ECASS I, a positive
effect of i.v. thrombolysis was revealed only after a
careful retrospective review of the initial CT scans,
with the application of strict, greater than one-third
MCA territory hypodensity exclusion criteria [10,
35]. This difference from the NINDS trial may be
partly related to the longer, 6-h treatment window
applied to the ECASS patients. Furthermore, based
on additional review of the ECASS data, it has been
suggested that a subgroup of hyperacute stroke pa-
tients without demonstrable CT ischemia is also un-
likely to benefit from i.v. thrombolysis. This is likely
because, in patients with no or minimal ischemic
change, the potential benefits of thrombolysis may be
offset by the risk of hemorrhage [10].

3.6 ASPECTS

As already noted, regions of frank hypodensity on
NCCT are likely to reflect severe and irreversible
ischemic damage. Indeed, CT hypoattenuation seems
to have a direct correspondence to critically hypo-
perfused tissue seen on positron emission tomogra-
phy (PET) [21]. In an attempt to standardize the 
detection and reporting of the extent of ischemic 
hypodensity, the Alberta Stroke Program Early CT

Table 3.5. NCCT predictors of poor stroke outcome

Hyperdense MCA sign on early NCCT

Early parenchymal hypoattenuation > 50% 
of the MCA territory

ASPECTS <7
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Score (ASPECTS) was proposed in 2000 [40]. With 
ASPECTS, the MCA territory is divided into ten re-
gions of interest on two CT axial slices, including:
caudate, insula, lenticular, internal capsule, and six
other cortical regions (“M1”–“M6”) (Fig. 3.8). The
score is computed by subtracting, from 10, 1 point for
each region containing an ischemic hypodensity.
Hence, a completely normal MCA territory would
receive a score of “10,” and a completely infarcted
MCA territory, a score of “0.”

Although this method is reported to be more 
reliable and reproducible – with better inter- and 
intra-observer variability than the one-third MCA
rule – this point is not without controversy [40–43].
In one study, Mak et al. [43] have suggested that the
one-third MCA rule results in better interobserver
agreement than ASPECTS in detecting clinically signi-
ficant EIC, independent of prior knowledge of the
clinical history. Further comparisons of these two
methods for hypodensity quantification are warrant-
ed; however, it is clear that, at minimum, an important
advantage to using ASPECTS is that it is easily taught
to inexperienced observers, training them to careful-
ly examine multiple regions for subtle hypodensity.
This is especially important in the Emergency De-
partment, where residents, fellows, and junior staff
from Neurology, Emergency, and General Radiology
Departments may be interpreting stroke CTs.

The correlation between ASPECTS and clinical
outcomes in MCA stroke has also been examined.
Within the first 3 h of MCA stroke onset, baseline
ASPECTS values correlate inversely with the severity
of NIHSS and with functional outcome; scores of 7 or
less, indicating more extensive cerebral hypoattenua-
tion in the MCA territory, are correlated with both
poor functional outcome and symptomatic intrac-
erebral hemorrhage [40].

3.6.1 Implications for Acute Stroke Triage

It is clear from the above that accurate, early identifi-
cation of hypodense, ischemic brain parenchyma by
CT has important clinical implications for acute
stroke treatment. The advent of thrombolytic thera-
py makes the CT detection of hypodense brain tissue,
as well as the better characterization of its predictive
value for hemorrhage after treatment, exceedingly
important. The ability of physicians to detect par-
enchymal hypodensity, however, is limited by poten-
tially clinically relevant inter- and intra-observer
variability [1, 9, 38, 44–46]. In the first ECASS trial, for
example, almost half of the protocol violations were
due to failure to recognize early NCCT signs of in-
farction [1, 37]. In discussing ECASS, one editorialist
pointed out that, had the local, prospective readers
been as capable of detecting subtle early signs of

Figure 3.8

Axial NCCT images showing the
MCA territory regions as defined
by ASPECTS. (C Caudate, I insu-
lar ribbon, IC internal capsule,
L lenticular nucleus, M1 anterior
inferior frontal MCA cortex,
M2 inferior division, temporal
lobe MCA cortex lateral to the
insular ribbon, M3 posterior
temporal MCA cortex, M4,
M5 and M6 are the correspon-
ding anterior, lateral and poste-
rior MCA cortices immediately
rostral to M1, M2 and M3, re-
spectively)

a b
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ischemia as the panel of six expert neuroradiologists
who later retrospectively reviewed the ECASS scans,
the study results would have been dramatically im-
proved [1] (Table 3.6).

In the ECASS II trial, in an attempt to control for
confounding variables, lower doses of rt-PA were
used than in the ECASS I trial, and patients with
greater than one-third MCA territory hypodensities
were excluded from the study; this resulted in very
low hemorrhage rates in the rt-PA-treated patients
[47]. In a more recent i.a. thrombolysis study, patients
with a baseline ASPECTS >7 – implying less extensive
MCA hypodensities on NCCT – had significantly
more independent functional outcomes at 90 days
than did patients with baseline ASPECTS ≤7 [48].

Despite its low sensitivity for stroke detection,
HMCAS has been shown to have a high (91%) posi-
tive predictive value for neurological deterioration in
MCA stroke [49]. In a series of 18 patients with prox-
imal MCA occlusions suggested by HMCAS, 94% had
poor final neurological outcomes [30]. In contrast, an
isolated MCA-dot sign appears to be an indicator of
less severe stroke at onset, with a more favorable
long-term prognosis [50]. One study concluded that
there was no difference in outcome between stroke
patients with and without the MCA-dot sign [30].

HMCAS and MCA-dot sign were also reviewed
with respect to outcomes after thrombolysis. In the
ECASS I trial, HMCAS was associated with early cere-
bral edema, more severe neurological deficits, and
poor clinical prognosis [10]. Nonetheless, patients
with HMCAS treated with rt-PA, instead of placebo,
remained more likely to have good neurological
recovery [51]. In another study of 55 patients that
received i.v. rt-PA within 90 min of stroke onset,
HMCAS predicted poor outcome after i.v. thrombol-
ysis, and this effect was even more pronounced in the
subgroup of patients with HMCAS and NIHSS >10
[36]. Recently, a study comparing outcomes of pa-

tients treated with i.v. versus i.a. thrombolysis
showed that, in i.a.-treated patients, outcomes were
favorable regardless of the presence of HMCAS,
whereas, in those treated with i.v. rt-PA, outcomes
were less favorable when HMCAS was present [52].
Similarly, in posterior circulation strokes, EIC do not
appear to be predictive of outcome in patients receiv-
ing i.a. thrombolysis [32].

Interestingly, although patients who present with a
“top-of-carotid,” “T” occlusion on NCCT or CTA
commonly have larger final infarct volumes and poor
clinical outcomes, additional EIC are not functional
predictors of outcome following thrombolytic thera-
py [53].

3.6.2 Reading CT Scans

Some of the reported variability in CT scan interpre-
tation is dependent on level of training. A study in
Journal of the American Medical Association tested
the ability of 103 emergency physicians, neurologists,
and general radiologists to determine eligibility 
for thrombolytic therapy from a group of 54 acute
head CTs [46]. Scan findings included intracerebral
hemorrhage, acute infarction, intracerebral calcifica-
tions (impostor for hemorrhage), old cerebral infarc-
tion (impostor for acute infarction), and normal
parenchyma. Of 569 CT readings by emergency
physicians, 67% were correct; of 435 readings by neu-
rologists, 83% were correct; and of 540 readings by
radiologists, 83% were correct. Overall sensitivity for
detecting hemorrhage was 82%; 17% of emergency
physicians, 40% of neurologists, and 52% of radiolo-
gists achieved 100% sensitivity for identification of
hemorrhage. The authors concluded that physicians
in this study did not uniformly achieve a level of sen-
sitivity for identification of intracerebral hemor-
rhage sufficient to permit safe selection of candidates
for thrombolytic therapy.

Even brief periods of training, however, can im-
prove inter-reader reliability in the early CT detec-
tion of stroke. At a 4-h training course for partici-
pants in the second ECASS trial, 532 readers were
shown two different sets of ten CT scans before and
after the course. After the completion of training, the
average number of correct readings increased from

Table 3.6. NCCT predictors of symptomatic intracranial hem-
orrhage post-thrombolysis for stroke

Parenchymal hypoattenuation >1/3 of the MCA territory

ASPECTS <7
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Figure 3.9 a, b

a NCCT with heavy streak artifact (arrows), due to the presence of a metallic foreign body (b)

a b

Figure 3.10 a–c

Example of one of the multiple differential diagnoses of NCCT hypodensity. Patient awoke with left hemiparesis. a NCCT
shows hypodensity in the right corona-radiata (arrow). b Axial FLAIR and c axial T2-weighted MR images demonstrate
corresponding high signal lesion in a horizontal peri-ventricular, or “dawson finger” distribution. The final diagnosis 
was multiple sclerosis

a b c
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7.6 to 8.2 for the first set of cases, and from 6.3 to 7.2
for the second set of cases (P<0.001) [38].

The importance of having a relevant clinical histo-
ry in the interpretation of subtle EIC findings – rais-
ing suspicion for stroke – should not be underesti-
mated either. Mullins et al. [54] showed that availabil-
ity of a clinical history indicating that early stroke is
suspected significantly improves the sensitivity for
detecting strokes on unenhanced CT (from approxi-
mately 38% to 52% in the cohort studied), without
reducing specificity. In contradistinction, the avail-
ability of such a history did not significantly improve
the sensitivity for detecting stroke using diffusion-
weighted MR imaging (the findings of which are
more conspicuous) [54].

We have found advantages to the use of both small
and large image displays for CT analysis: with small
size image display, an overall image review is facili-
tated, whereas the use of large size image display is
useful for the analysis of specific structural details
[55].

Finally, attention must be paid to avoiding inter-
pretation pitfalls such as streak artifact (Fig. 3.9),
patient tilt (Fig. 3.2b), and stroke mimics – such as
multiple sclerosis – that can present with similar
signs and symptoms (Fig. 3.10).

3.7 Conclusion

Despite ongoing technological advances in neu-
roimaging techniques and protocols for the assess-
ment and treatment of patients with cerebrovascular
diseases, NCCT remains the standard of care for
acute stroke triage. Advantages of CT scanning in 
the assessment of acute stroke patients include 
convenience, accuracy, speed, and cost. At present,
CT scanning is also the standard for the detection of
acute subarachnoid and intraparenchymal hemor-
rhage, although newer MR susceptibility and fluid
attenuated inversion recovery (FLAIR) techniques
are challenging this claim [56–59]. The accuracy of
CT scanning for stroke detection can be optimized 
by the use of an appropriate scanning technique, as
well as interactive image review at a picture archival
and communication system (PACS) workstation us-

ing narrow window and level settings. More impor-
tantly, CT scanning has prognostic value; for patients
receiving thrombolytic treatment, it may help predict
both responses to treatment and hemorrhage risk.
Finally, as will be discussed in the following chapters,
CT angiography (CTA) with or without CT perfusion
(CTP) can be performed in the same imaging session
as NCCT scanning without substantially delaying
definitive thrombolytic treatment. This multimodal
CT imaging provides data regarding both vascular
patency and tissue perfusion, which has added value
in the triage of acute stroke patients.
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4.1 Introduction

Death or incapacitating disability can be prevented
or diminished in some patients who present within
6 h of embolic stroke onset by thrombolytic therapy
[1–14].With the recent advent of the Desmotoplase in
Acute Ischemic Stroke (DIAS) Trial results, this time
window may soon be extended to as long as 9 h [15].
In the treatment of anterior circulation stroke, cur-
rent guidelines support the use of intravenous (i.v.)
recombinant tissue plasminogen activator (rt-PA)
administered within 3 h of stroke [12, 13]. Intra-arte-
rial (i.a.) thrombolysis, which has a longer treatment
window, can be administered within 6 h of anterior
circulation stroke ictus [9]. However, the risk of
intracranial hemorrhage from these agents, as well as
the probability of treatment failure, increases dra-
matically with time after stroke onset [6, 13, 16]. In
the case of brainstem (posterior circulation) stroke,
the treatment window for thrombolysis is greater
than 6 h, not only because of the apparent increased
resistance of the posterior circulation to hemor-
rhage, but also because of the uniformly poor out-
come of untreated basilar artery strokes and the lack
of alternative therapies [10].

Conventional, noncontrast head CT (NCCT) scan-
ning is performed on all patients prior to treatment,
in order to exclude hemorrhage or a large [greater
than one-third middle cerebral artery (MCA) territo-
ry] infarction, both of which are contraindications to
treatment [13, 16]. The role of unenhanced CT in the
evaluation of acute stroke is fully discussed in the
previous chapter. Although NCCT has some value 
in predicting patients most likely to be harmed by
thrombolysis, it is of little value in predicting the
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patients – those with large vessel vascular occlusions
– most likely to benefit from thrombolysis.

Because NCCT and clinical exam alone are limited
in their ability to detect large vessel thrombus, CT
angiography (CTA) has been increasingly advocated
as a first-line diagnostic test for patients presenting
with signs and symptoms of acute stroke. Advance-
ments in scanner technology, novel contrast injection
schemes that allow for uniform vascular and tissue
enhancement, and the availability of rapid post-
processing algorithms have all resulted in the clini-
cally practical detection using CTA of both circle-
of-Willis thrombus [17, 18] and parenchymal stroke
[19–24].

Due to the narrow time window available for the
initiation of thrombolytic treatment, speed is of the
essence. The rationale in the workup for acute stroke
is therefore to identify as quickly as possible those pa-
tients who may benefit from i.a. or i.v. thrombolysis
or other available acute stroke therapies. Important-
ly, CTA excludes from treatment patients with occlu-
sive stroke mimics [e.g., transient ischemic attack
(TIA), complex migraine, seizure] who will not bene-
fit from, and may be harmed by, such therapies.

The CTA protocol described in this chapter was
designed to provide diagnostically useful informa-
tion about both the vascular and parenchymal phas-
es of brain enhancement. The administration of con-
trast serves two purposes: first, to visualize acute clot
in the MCA, distal internal carotid artery (ICA), basi-
lar artery, and other major circle of Willis vessels
(Fig. 4.1); and second, to better delineate potentially
salvageable, underperfused, ischemic areas of the
brain that are at risk for full infarction if circulation
is not restored. More specifically this includes those
areas with a relative lack of contrast enhancement on
CTA source images (CTA-SI), consistent with reduced
blood volume. Indeed, simultaneous recording and
subtraction, on a slice-by-slice basis, of the pre- from
the post-contrast axial images results in quantitative
maps of cerebral blood volume (CBV) [25]. The rea-
sons for, and clinical significance of, this blood vol-
ume weighting of CTA-SIs is fully discussed in the
next chapter on CT perfusion. Moreover, CTA-SI can
also be of value in suggesting otherwise unsuspected
regions of vascular occlusion. For example, CTA-SI

“perfusion deficits” present in multiple vascular ter-
ritories, visible on post- but not pre-contrast images,
suggests cardiac emboli as the stroke source.

Helical CT is less expensive and more readily avail-
able at most hospital emergency departments com-
pared to MRI; therefore, performing CTA can be a
quick and natural extension of the NCCT exam,
an exam that is already routinely obtained as part of
the pre-thrombolysis workup at most institutions.
The addition of CTA seldom adds more than 10 min
of scanning and reconstruction time to that of the
conventional CT examination. With the speed of the
newer generation of multidetector row CT (MDCT)
scanners, a complete “arch-to-vertex” CTA can be
performed during the dynamic administration of a
single bolus of contrast, allowing visualization of the
great vessel origins, carotid bifurcations, and Circle

Figure 4.1

Axial maximal intensity projection (MIP) image ob-
tained at the CT scanner console provides a rapid
review of the major intracranial vessels for possible
occlusion
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of Willis – often obviating the need for further evalu-
ation by MR angiography or ultrasound. Although
complete post-processing of the entire neurovascular
system is typically performed offline (during which
time the patient can be prepared for thrombolysis, if
necessary), the “critical” maximal intensity projec-
tion (MIP) reformatted images of the intracranial cir-
culation can routinely be constructed directly at the
CT console in under a minute.

This chapter will discuss the role of CTA in the
diagnosis and triage of acute stroke patients. First,
the general principles of helical CT scanning will be
reviewed, including image acquisition and recon-
struction techniques. The stroke CTA protocol will
then be described, followed by specific issues regard-
ing the accuracy and clinical utility of stroke CTA.

4.2 Background – 
General Principles of CTA

The development of helical CT in the early 1990s
made possible the rapid acquisition of angiographic-
type vascular images, with no greater risk of patient
complications than that of routine i.v. contrast-en-
hanced CT scanning.With helical CT scanning, a slip-
ring scanner design developed in the early 1990s,per-
mits the x-ray tube and detectors to freely rotate
around the gantry for a full 360°, allowing CT image
data to be continuously and rapidly acquired as the
scanner table moves uniformly through the gantry.
This results in the creation of a three-dimensional
helical “ribbon” of data that can be reconstructed at
any arbitrary slice increment, and reformatted in any
arbitrary plane (Fig. 4.2).

4.2.1 Advantages and Disadvantages of CTA

CTA has both advantages and disadvantages com-
pared to other vascular imaging techniques [26–28].
Increasingly, as scanner speed and spatial resolution
continue to improve – for a relatively constant total
radiation dose – with the ongoing development of
more advanced 16-, 32-, and 64-slice multidetector
row CT scanners, these disadvantages are becoming
less restrictive, especially with regard to total iodinat-
ed contrast dose.

4.2.1.1 Potential Advantages

Speed. The entire length of the ICA can be scanned
in under 60 s (the extracranial ICA alone in less than
30 s),minimizing image misregistration from motion
and breathing artifacts, and often reducing contrast
requirements.

Accuracy. CTA provides truly anatomic, non-flow-
dependent data with regard to length of stenoses,
residual lumen diameters and areas, and calcifica-
tions; flow-dependent techniques such as MR an-
giography (MRA) and ultrasound (US) are not able
to provide these data. Figure 4.3 illustrates the accu-
racy of CTA as compared to contrast-enhanced MRA.

Low Risk. CTA has a lower rate of patient discomfort,
is less expensive, and has considerably lower risk of
stroke and other vascular complications compared to
conventional catheter arteriography. It is also advan-
tageous in situations when MR is contraindicated or
cannot be performed. CTA is typically more readily
available than MR, especially in emergency settings.
CTA,unlike MRA, lends itself to the imaging of acute-
ly ill patients, as there are no restrictions on the type
and quantity of associated support equipment, such
as intravenous pumps, ventilators, or monitoring
hardware. Because CT scan acquisition is more rapid
than that of MRA, CTA is less prone to motion arti-
fact. When CTA is combined with CT perfusion
(CTP) for the evaluation of acute stroke, quantitative
perfusion data can also be obtained, which is not typ-
ically possible with MR perfusion imaging.

4.2.1.2 Potential Disadvantages

Limited Field-of-view and Spatial Resolution. With
slower, older generation, single slice helical scanners,
CTA is limited in its ability to optimally evaluate tan-
dem or multiple lesions of diverse vessels.This is usu-
ally due to restrictions imposed by either x-ray tube
heating or the contrast bolus dose. Also, for a given
set of imaging parameters (mAs, kV, slice thickness,
etc.), single-slice CTA has slightly decreased in-plane
resolution compared to conventional axial CT imag-
ing. With the newer, faster, multidetector row scan-
ners, these limitations do not typically exist.
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Figure 4.2

Sagittal and coronal MIP images, output from the CT
scanner console, in the plane selected by the user. The
slice thickness is adjusted to target the vessels of inter-
est and “remove” overlying vessels that would obscure
evaluation. a Sagittal MIP image shows the course of
the anterior cerebral artery with variant additional ves-
sels arising from the anterior communicating artery.
b Coronal MIP image shows the ICA and MCA bifurca-
tions bilaterally. c Second coronal MIP image adjusted
to view the basilar artery in its entirety

a b

c

Figure 4.3

a Contrast-en-
hanced MRA: there
is apparent nonfill-
ing of the left verte-
bral artery (arrow).
b Curved reformat
from CTA of the
vertebrobasilar
junction now
demonstrates
patent vertebral 
arteries (arrow)

ba
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Long Post-processing. CTA reconstructions may re-
quire long post-processing times. Although axial,
coronal,and sagittal MIP images of the circle of Willis
can typically be obtained at the CT console by tech-
nologists in under a minute, more complex recon-
structions, such as curved reformats of the entire
length of the carotid or vertebral arteries, can take
considerably longer.

Physiological Data. Unlike MRA and US, CTA is lim-
ited in its ability to provide physiological data, such
as flow velocity or direction.

Accuracy of Reconstructions. Dense, circumferential
calcifications can cause beam hardening and degrade
the accuracy of vascular reconstructions. Optimal
methods for measuring small (<1–1.5 mm) vascular
stenosis are under investigation.

Iodinated Contrast Risk. The risks of routine i.v. con-
trast administration accompany CTA, including the
possibility of allergic or idiosyncratic reactions or
glomerular injury. Compared with US and MRA,
which do not require i.v. contrast, CTA can be incon-
venient for routine follow-up studies. Some hospitals
commonly use US and MRA for noninvasive vascular
screening and follow-up of carotid occlusive disease.
In the nonemergency setting, CTA can be reserved for
use as a problem-solving tool when the results of US
and MRA are inconsistent, or when tandem lesions
are present, such as in Fig. 4.4, and can often obviate
the need for conventional catheter arteriography.

4.2.2 CTA Scanning Technique:
Pearls and Pitfalls

The rapid acquisition of the large digital dataset re-
quired for CTA places great demands on CT imaging
hardware and software. Because CT image noise is
inversely proportional to x-ray photon flux through a
given axial slice, optimal helical scanning requires a
high x-ray tube heat load capacity.

Certain user-defined imaging parameters are
unique to helical CT scanning. “Pitch” refers to the
ratio between table increment per gantry rotation
and x-ray beam collimation [29].

Depending on the precise vendor and generation
of scanner (single-slice, 4-slice, 8-slice, 16-slice, etc.),
tube-heating constraints may limit the total deposit-
ed tube current [in milliampere-seconds (mAs)]. For
a given tube current (in mAs) and voltage (in kV), in-
creasing the pitch, by increasing the table increment
per gantry rotation, will allow greater coverage; how-
ever, there will be fewer photons per slice, resulting in
quantum mottle.When the table travel per rotation is
equal to the beam collimation, there is a one-to-one
ratio between the column of transmitted x-rays and
the detector width; the pitch is “1,” and image quality
is improved [30].When the table travel per rotation is
less than the beam collimation, pitch is less than 1,
and there is “overlap” of photon flux through the
imaged tissue bed, resulting in even greater image
quality. Figure 4.5 illustrates the advantage of over-
lapping the acquisition of helical data. Hence, in all
our neuroimaging protocols at Massachusetts General

Figure 4.4

Tandem lesion, with stenosis at the origin of the left
common carotid artery (LCCA) and origin of the left
internal carotid artery (LICA)
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Hospital (MGH), optimal visualization of posterior
fossa structures is achieved using a pitch <1. In order
to both optimize posterior fossa image quality and
minimize helical “windmill artifact,” we therefore
typically employ a pitch of 0.5–0.6, along with a rela-
tively slow table speed of 5–7 mm/rotation, with the
newest generation of multidetector row scanners.Ad-
ditionally, in an attempt to reduce motion artifact,
our protocols typically call for the most rapid achiev-
able gantry rotation rate. This can be as fast as 0.5 s
per rotation on the newer 16-slice scanners. More-
over, spatial resolution in the z-direction is optimized
by the acquisition of minimally thin slices, although
image noise and quantum mottle are reduced by the
review of thicker reformatted images (Table 4.1).
Finally, we routinely choose our tube current (in
mAs) setting to be no higher than that which will per-
mit the use of the small – rather than the large – focal
spot size.

By maximizing longitudinal coverage and image
quality, the overall time to complete imaging increas-
es. This demands an increased amount of iodinated
contrast media, so as to adequately opacify the arte-
rial tree being imaged, while minimizing arterial
dilution and wash out, as well as venous opacifica-
tion. Ideally, the overall dose of contrast agent should
also be minimized so as to lessen the risk of contrast-
induced nephropathy (CIN), as well as allergic reac-
tion.Variations on the theme of contrast administra-
tion include injection strategies such as a saline bolus
chaser and multiphasic injection, which are ex-
plained below. For a given pitch, an increased table
speed permits greater z-direction coverage of the
arterial tree during peak, uniform contrast enhance-
ment, whereas a slower table speed, although provid-

Figure 4.5

“Ribbons” of helical data as acquired from helical CT.
a When the pitch is less than 1, such as in a four-chan-
nel system, and the table translation equals three chan-
nels, then the ribbon acquired from the first channel of
the second rotation will overlap the ribbon of the
fourth channel of the first rotation. b When the pitch is
greater than 1, more longitudinal area can be covered;
however, the helical data ribbons do not overlap, so
each ribbon must receive a sufficiently high x-ray dose
to obtain a diagnostic image, and the advantages of
overlapping data cannot be used

a

b

Table 4.1. Optimization of posterior fossa image quality and
minimization of “windmill artifact”

Minimal pitch (0.5–0.6)

Slow table speed (5–7 mm/gantry rotation)

Maximal gantry rotation rate (0.4–0.5 s/rotation)

Thinnest possible acquisition matrix;
thick reformats for image review
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ing greater image quality, may result in imaging por-
tions of the vascular system with less than optimal
enhancement, and more venous opacification.

4.2.2.1 Single-slice Protocols

In order to achieve optimal arterial image contrast
and resolution, single-slice CTA protocols must
therefore be tailored to the region being studied, the
clinical question being asked, and the heat load capa-
bility of the scanner being used. In general, values for
slice acquisition, thickness, scan field of view (FOV),
and pitch should be as small as possible such that the
entire region of interest can be covered in a single
scan. Of note, for both single and multislice scanners,
the diameter of the body part being scanned should
never exceed the scan FOV, or beam-hardening arti-
fact from outside the FOV will result. Conversely,
tube current should be as large as possible, within
tube heating constraints, so as to maximize photon
flux and therefore minimize quantum mottle (image
graininess). The image reconstruction interval
should also be minimized in order to reduce the step
or “zipper” artifact. For example, optimal characteri-
zation of a known, focal, carotid bifurcation stenosis
can be achieved using the following single-slice CT
parameters: 1 mm collimation, pitch of 1, 0.5 mm
reconstruction interval, 12 cm FOV, 140 kV, and
250 mA, scanned narrowly around the level of maxi-
mal stenosis. Screening of the entire carotid artery,
however, requires 3 mm collimation, a pitch >1, and
typically a reduced tube current and voltage, to per-
mit greater z-direction coverage [27, 28, 31].

4.2.2.2 Multi-slice Protocols

With multidetector row CT (MDCT), the choice of
optimal scan parameters becomes more complex.
Armed with newer x-ray tubes capable of higher heat
capacity, as well as novel detector designs, multislice
scanners can comfortably image entire vascular terri-
tories without the aforementioned constraints. The
more rapid MDCT affords imaging of the arterial
phase during more uniform contrast enhancement,
more closely mimicking a catheter arteriogram [32].
Early MDCT scanners, circa 1994, had a detector ar-

ray of four rows along the z-axis, with four data chan-
nels to record the x-ray attenuation. Newer MDCT
scanners employ 16 or more detector rows with vary-
ing combinations of individual detector widths, data
channels, maximal z-direction coverage, and mini-
mal slice thickness. Some vendors build detector
arrays with narrower central rows than outer rows –
so-called adaptive array detectors [33]. At the time of
writing, 64-slice scanners will soon be commercially
available, which will be capable of up to 4 cm of z-di-
rection coverage and 0.6-mm-thick slices per gantry
rotation. Such scanners will be ideally suited to coro-
nary artery imaging. Overall, when compared with
single-slice scanners, multislice scanners allow for
reduced contrast dose, shorter scan duration, and
thinner slices.

4.2.3 Radiation Dose Considerations

Interestingly, as the number of detector rows and
channels increases in the evolution of MDCT scan-
ners, allowing more coverage and better resolution,
overall radiation dose to the patient has not signifi-
cantly increased for a given level of image quality. At
most institutions, the radiation dose for a typical
head CT remains in the range of 0.06–0.12 Gy or
6–12 rad. To put this in context, the limits for occupa-
tional exposure to radiation (as set by the Nuclear
Radiology Commission), for negligible likelihood of
harmful effect, is no greater than 50 milli-sievert
(mSv) per year (or 5 rem/year) [34]. In comparison,
environmental exposure to radiation, such as from
radon and cosmic x-rays, is approximately 3.5 mSv/
year, and that of a single chest radiograph is roughly
0.05–0.1 mSv [35, 36]. It is noteworthy that these
limits exist for occupational exposure, but not for
patients, as it is assumed that patient exposure is
diagnostically required.

To compare exposure between different CT proto-
cols, one can use the absorbed dose, usually reported
as the CT dose index (CTDI) in mGy. This concept
was introduced by Jucius and Kambic to predict the
multiple slice average dose at the center of a set of
axial scans [37]. The product of the CTDIvol and the 
z-axis coverage for the particular scan then yields the
“dose-length product” (DLP), where CTDIvol is the
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average dose in the standard head CT dosimetry
phantom [38, 39].

With regard to MDCT radiation exposure, several
factors must be weighed. There is up to a 4.5% loss of
efficiency versus single-detector row scanners due to
absorption of radiation in the z-axis by septa be-
tween the detector rows [33]. However, with MDCT,
more of the x-ray beam is utilized per rotation due to
the increased number of detector rows, with less of a
penumbra [33]. Subsequently, these effects balance,
and the dose efficiency of MDCT has been shown to
be comparable to that of single-slice helical CT [33].

A related issue is the so-called cone beam effect,
which to date has been a rate-limiting step in the de-
velopment of larger (32-, 64-slice) detector arrays.
This refers to the fact that the further a given detector
row is from the center of the x-ray beam, the more
angled the beam is through that detector, introducing
nonlinearities to the image reconstruction algo-
rithm.

There are several strategies to reduce radiation ex-
posure in MDCT. Reducing photon flux is the pri-
mary means; however, decreasing tube current (mAs)
results in increased image noise, as there are fewer 
x-rays per slice interrogated. This “quantum mottle”
therefore becomes exaggerated with thinner slices.As
already noted, the noise associated with thin slices
can be compensated for by review of thicker slab
reformatted images. Indeed, it has been shown that
increasing depth from 4 to 8 cm requires doubling
the tube current (mAs) to maintain the same amount
of noise [38, 39]. Again, to lower the tube current
(mAs) and maintain diagnostic image quality with
MDCT, thinner slices with decreased tube current
(mAs) can be acquired and reconstructed at thicker,
less noisy slice intervals. Table speed and pitch can

also be increased, thereby decreasing exposure, so
long as image quality is not degraded [40].

Lowering kilovoltage peak (kVp) is another strat-
egy to reduce radiation exposure. The kVp setting
reflects both photon number and photon energy.
With higher kVp values, although fewer photons are
absorbed (due to less interaction with biological tis-
sue, which typically has a relatively low “k-edge”),
each photon has higher energy. Hence, calculation of
actual absorbed radiation dose becomes complex for
low kVp scanning, in which tube current (mAs) is
often increased to maintain image quality. Typical
kVp for head CT scanning is 140 or 120 kVp [41]. A
notable exception to this is CTP, which employs
80 kVp, so as to take advantage of the low k-edge of
iodine, in order to increase conspicuity of the rela-
tively small amounts of contrast reaching the brain
parenchyma (see Chapter 5).

Specific advances in MDCT have been directed to-
wards lowering radiation dose. Among these, auto-
matic tube current modulation is more important for
body than for head imaging. With this technique, the
tube current is adjusted according to body diameter
on the scout image, so as to maintain the same total
amount of noise in the image (proportional to pho-
ton flux) for any given slice (Table 4.2) [42].

4.3 CTA Protocol for Acute Stroke

4.3.1 General Considerations

A successful CTA protocol requires balancing multiple
scanning, contrast administration, reformatting, and
reconstruction parameters, in order to obtain diagnos-
tically useful images of the enhanced vascular tree. Re-
formatting here refers to the immediate post-process-

Table 4.2. Strategies to reduce radiation dose

Advantages Disadvantages

Lower tube current (mAs) Decreased radiation dose Noisier image

Thinner slices with low tube current (mAs) Decreased radiation dose Source images are too grainy
Can reformat to any desired thickness

Automated tube modulation Decreased radiation dose Complexity of scan setup
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ing of the raw image data into various slice thickness-
es, FOVs, and “kernel” formats (such as “bone” or
“brain” algorithms). Reconstruction refers to the cre-
ation of summary 2D and 3D projections for image re-
view and interpretation (such as maximum intensity
projection,“MIP,” or volume rendering,“VR”).

Ideally, there should be no venous enhancement;
although, except for specific indications - such as cav-
ernous sinus aneurysm and arterial venous malfor-
mation (AVM) assessment – this is seldom clinically
limiting. z-direction coverage, in plane and longitu-
dinal resolution, and signal-to-noise ratio should be
maximized, while minimizing radiation dose, total
amount of contrast administered, and acquisition
slice thickness. Our routine stroke CTA protocol for
8-, 16-, 64-, and sometimes even 4-slice MDCT scan-
ners covers from the great vessel origins at the aortic
arch, to the cranial vertex. A typical 4-slice protocol
might cover only the neck and Circle-of-Willis ves-
sels, and a typical single-slice protocol might be re-
stricted to the Circle of Willis only.

MDCT is preferred over single-detector row heli-
cal scanners, as there is improved heat load capacity
of the x-ray tube, which results in more freedom in
selecting the specific imaging parameters. The cover-
age area can be imaged more quickly with MDCT;
there are more options in selecting pitch, table speed,
and intrinsic slice thickness to obtain a desirable im-
age quality. With continued scanner evolution, the
interaction between these variables is increasingly
complex and nonintuitive; however, in our experience
– for brain imaging – certain general principles have
emerged, as enumerated in Table 4.3. Although in-
creasing pitch or table speed can lead to lowered im-
age quality, this can be overcome by increasing tube
current (mAs). With decreasing pitch, and hence

more overlap of the helical dataset, raw images bene-
fit from increased density of the x-ray attenuation
data, resulting in less noise.

After reformatting, MDCT data are displayed as
both axial images (usually with a slice thickness 
that is a multiple of the acquisition slice thickness)
and reconstructed images (discussed below). With
MDCT, the interslice gap can be arbitrarily selected,
so the subsequent 2D and 3D reconstructed images
will not be subject to “zipper” or “stair step” artifact.

4.3.2 Contrast Considerations

Optimal CTA imaging is dependent on the concen-
tration of intravascular iodine, which in turn is de-
pendent on both choice of contrast and injection
strategy. Nonionic CT contrast agents have been
shown to be safe in an animal model of MCA stroke,
without significant neuronal toxicity, even to already
ischemic neurons [43, 44]. There are several forms of
nonionic contrast, with varying concentrations of
iodine. The relationship between concentration and
enhancement is demonstrated graphically in Fig. 4.6
[45, 46].

Some patients are at higher risk for CIN, most
notably those who are diabetic, who have pre-exist-
ing renal dysfunction, or who have a combination of
the two. Nephrotoxicity from contrast media is dose
dependent [47, 48]. Recently, Aspelin et al. [49]
demonstrated the benefit of using iodixanol, an iso-
osmolar agent, in patients with diabetes and border-
line renal function, although this agent has both
increased expense, and increased viscosity at room
temperature, compared to other low osmolar (but not
iso-osmolar) agents [49, 50]. In their randomized
prospective multi-center study, diabetic patients with
renal impairment undergoing angiography had a 3%
incidence of CIN. To counter the increased viscosity
of iodixanol, one can pre-warm the contrast media. It
is noteworthy, however, that some studies have sug-
gested that other low-osmolar agents, with lower cost
and viscosity, may have similarly good safety profiles
with regard to CIN.

For those patients who are allergic to iodinated
contrast media, premedication with anti-histamines
and steroids can blunt the anaphylactic response.

Table 4.3. General principles of single-slice CT and multide-
tector row CT (MDCT)

Single Slice CT MDCT

Standard contrast dose Reduced contrast dose

Longer imaging time Shorter imaging time

Thicker slices Thinner slices
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Although a full discussion of the management of
iodinated contrast allergy is beyond the scope of this
text, it is noteworthy that, in the setting of an acute
stroke, there is insufficient time to complete a course
of steroid administration, which requires many
hours. For such patients, gadolinium may be used as
an alternative CT contrast agent for the evaluation of
acute stroke [51]. Importantly, some researchers have
suggested that – at the doses required for CTA – any
potential advantage of gadolinium over iodinated
contrast, for use in patients with high risk of CIN, is
negated. Figure 4.7 demonstrates the clinical utility
of gadolinium for emergent evaluation of the Circle
of Willis by CTA.

Yet another strategy to decrease total contrast load
is the use of a so-called bolus chaser – saline rapidly
injected immediately following the contrast bolus.
This has the advantage of clearing the “dead space” of
contrast in the i.v. tubing and brachiocephalic/sub-
clavian veins that does not typically contribute to im-
aging (thereby also reducing streak artifact at the
thoracic inlet). Bolus chasing, which requires the use
of a dual-head CT power injector, has been shown to
be effective in maintaining peak maximum enhance-
ment, with a reduced total contrast dose [52–54]. The
addition of a chaser results in a similar initial rate of

enhancement, and can additionally contribute to a
longer overall duration of enhancement [55], shown
graphically by Fig. 4.8. It is estimated that bolus chas-
ing can reduce total contrast load by an average of
25% or more [56, 57].

4.3.2.1 Contrast Timing Strategies

Achieving adequate arterial opacification depends on
the volume, rate, and duration of contrast adminis-
tration, graphically depicted in Fig. 4.9. Ideally, imag-

Figure 4.6

When iodine concentration is increased, there is a pro-
portionally greater peak enhancement, shown with 
iodine concentration greatest in c and least in a

Figure 4.7

Gadolinium-enhanced CTA can be used in an urgent
situation. Here, the top of the internal carotid arteries is
clearly seen, as is the top of the basilar artery



Chapter  4 67Stroke CT Angiography (CTA)

ing should begin as the arterial tree enhances, and be
completed prior to significant venous opacification –
something not routinely achievable due to the rela-
tively short mean transit time (2–4 s) of contrast
through the capillary bed. This is not typically prob-
lematic unless the cavernous sinus is being evaluated,
although, as noted earlier, the extremely rapid imag-
ing achievable with the newest generation of 64-slice
helical scanners lends new importance to various
contrast-timing strategies (Table 4.4).

Indeed, with up to 16-slice scanners, our acute
stroke protocol typically calls for a fixed 25-s prep de-
lay between the onset of contrast administration and
the onset of scanning, except for patients with atrial
fibrillation (or other causes of significantly decreased
cardiac output),who require a longer,35- to 40-s delay.

Scanners equipped with a “bolus tracking” func-
tion can use a variable prep delay, in order to mini-
mize venous enhancement; however, this adds com-
plexity to scanning protocols, and is seldom clinical-
ly important unless scanning is very rapid. With
bolus tracking, scanning starts once a preset Houns-
field opacification is reached in a vessel of interest.As
already noted, venous opacification does not routine-
ly interfere with diagnostic evaluation, with the pos-

sible exception of cavernous sinus evaluation. The
inherent lag within the system, between the desired
time to start imaging and the actual image acquisi-
tion, remains the main disadvantage with this tech-
nique. This can range from 5 to 15 s, as reported in
several studies [58–60]. Modern scanners have a de-
lay of as long as 4 s with the bolus tracking function.

As an alternative to bolus tracking, a “smartscan”
type function can be used, in which a test bolus is ad-
ministered to determine the scan delay [61].A region
of interest is selected, typically in the proximal ICA,
and 10 ml of contrast is injected. This region is
scanned continuously using the “low mAs/kVp”

Figure 4.8

Use of a saline bolus chaser (b, dashed line) results in a
greater maximum enhancement and a slower delay in
wash out when compared to the standard bolus (a, solid
line).The rectangle shows the ideal enhancement

Figure 4.9

Increasing the injection rate (c has the fastest rate) or
volume (c has the greatest volume) results in a greater
maximum enhancement
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technique, and the prep delay is chosen as the time
corresponding to 50% of maximal test vessel opacifi-
cation.As with bolus tracking, however, a test bolus is
seldom clinically necessary. Of the thousands of
CTAs performed at MGH, scanning began too early
with the use of a 25-s delay for only a handful of

patients with low cardiac output secondary to atrial
fibrillation. Figure 4.10 demonstrates the limited util-
ity of a scan when the delay is not chosen correctly.
Both mathematical and animal models have demon-
strated that, when there is reduced cardiac output,
intravenous injection will result in a delayed intra-

Table 4.4. Strategies for contrast dose administration

Advantages Disadvantages

Higher iodine concentration Better opacification Higher contrast dose

Higher flow rate Greater peak enhancement Larger i.v. access
Vascular injury

Higher injection volume Greater peak enhancement Higher iodine load

Iso-osmolar contrast Less nephrotoxic Costlier
Increased viscosity

Gadolinium Can be used in urgent situations, Vascular enhancement not as dense;
for patients with severe allergy risk of increased nephrotoxicity 

with large gadolinium doses

Saline chaser Less contrast medium Requires potentially expensive 

Decreased streak artifact at origin specialized dual head CT power 

of great vessels injectors

Greater absolute difference 
in attenuation

Fixed delay Simple, error free, straightforward Must lengthen delay for atrial fibrillation;
for multiple technologists may be inadequate for timing 
in large centers in very rapid newer (64-slice) scanners

Bolus tracking Accounts for different patient physiology More complex and time consuming 
for the technologist; scanning may not
occur during peak or uniform contrast
enhancement

Test bolus Accounts for different patient physiology More complex; requires 10–15 ml 
of additional contrast, not required 
for imaging

Multiphasic injection Uniform plateau of enhancement Requires test bolus
(Fleischmann) Accounts for varying patient physiology Requires dual phase CT power injector

Multiphasic, Uniform plateau of enhancement Requires multiple assumptions 
with exponential decay (Bae) regarding patient factors that may 

not be known or justifiable

Requires CT power injector capable 
of exponential decay mode
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arterial arrival time, and a greater peak arterial
enhancement [62]. In patients with reduced cardiac
output, therefore, once again, a 35- to 40-s prep delay
is typically employed. Increasing the degree of arteri-
al opacification can be accomplished simply by utiliz-
ing either a larger injection volume, or a faster injec-

tion rate. With a test bolus, the time density curve
generally has a slightly different geometry from that
of the main bolus, as shown in Fig. 4.11. This is likely
due to injection of a smaller amount of contrast with-
out a saline flush, which has different dilutional
effects [55].

Figure 4.10

Limited evaluation of the vertebral artery due to streak artifact and poor choice of scan delay. In this example, there is a left
C7 transverse process fracture through the foramen transversarium. Fortunately, the ipsilateral vertebral artery, although
poorly opacified, does not enter the foramen at this level.There is poor visualization of the vertebral artery as the majority
of the contrast is venous. Furthermore, sequentially caudad levels demonstrate streak artifact from dense contrast inject-
ed in the ipsilateral arm in the left subclavian vein, which obscures evaluation of the origin of the vertebral artery
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As image acquisition takes a finite amount of time,
usually longer than the time required for peak arteri-
al enhancement, the resultant CTA image will include
portions of the arterial tree that are not at peak en-
hancement. If the degree of arterial enhancement is
not uniform, a thresholding-based reconstructed
image may demonstrate a false occlusion [63, 64]. By
using bolus-shaping strategies, so that arterial en-
hancement plateaus instead of peaks, more uniform
vascular opacification is achieved and a more repre-
sentative image of the vascular tree can be displayed.
To determine the appropriate injection strategy,
mathematical models of vascular enhancement have
been developed. Bae et al. [62, 65] used a compart-
mental approach to model aortic enhancement. From
this model, a multiphasic injection was proscribed by
solving for the inverse of the model, the input func-
tion [66]. They found that an exponentially decelerat-
ed injection method yields uniform vascular enhance-
ment [67].

Alternatively, Fleischmann and Hittmair [68]
modeled aortic enhancement by treating the entire
body as a “black box,” where the input function was
defined by the administration of a small contrast test
bolus, and the output function was simply the result-
ing, measured time-attenuation curve. The “patient

function” was the “black box,” which substitutes 
for the multiple compartment model of Bae et al.’s
approach. Using a discrete Fourier transform, the 
injection parameters that will result in a desired 
degree and duration of contrast enhancement in 
any given vessel can then be calculated. Unlike Bae 
et al.’s multi-compartmental model, no estimates or
assumptions regarding patient weight, cardiac out-
put, or other individual details needs to be included
in the calculation. This tailored bolus can result 
in more uniform, optimal vascular enhancement,
while simultaneously minimizing contrast require-
ments [69].

4.3.3 Post-processing: Image Reconstruction

4.3.3.1 Image Review

Appropriate image review is as important as optimal
scanning technique for the correct interpretation of
CTA studies. This applies to both image display pa-
rameters and three dimensional reconstruction tech-
niques. With regard to soft copy image display, prop-
er window and level settings are essential for opti-
mizing parenchymal stroke detection. During image
review of both NCCT and CTA images, windows and
level settings should be chosen so as to exaggerate
gray matter, white matter contrast, as discussed in
Chapter 3 [70].

The CTA dataset is commonly reformatted into
image slices twice that of the acquired scan width,
however, with some degree of overlap. Even without
overlap, this method may result in a prohibitive num-
ber of images for visual review. We therefore typical-
ly have two sets of axial reformatted images – one set
with thick slices, for minimal quantum mottle, a min-
imal number of slices, and therefore optimal visual
image review, and a second set with thin slices and
maximal overlap, for use in 2D and 3D reconstruc-
tion. This second set minimizes certain reconstruc-
tion artifacts, such as the “zipper” effect.

By reconstructing the reformatted images into a
composite view, with both thicker axial slices and op-
timally reconstructed images – including MIP, multi-
planar volume reformat (MPR), curved reformat,
shaded surface display (SSD), or VR – it is possible to

Figure 4.11

Time density curve of a test bolus (a) as compared with
the standard bolus (b). The rectangle demonstrates the
ideal enhancement
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evaluate the vessel in its entirety. This becomes
important for lesions at branch points, such as
aneurysms. While occlusions of large vessels may be
obvious from sequential axial images, cutoff of a
tortuous vessel, such as a distal M2 segment of the
MCA, may not be entirely clear without a detailed
and lengthy review of the source images.

Review of reconstructed 2D and 3D images assists
review of the 2D axial source images by providing a
composite image of the vessels. Once this review is
complete, referral to the axial source images can be
made for further evaluation, such as the degree 
of stenosis. Confirming the presence of a small
aneurysm or venous sinus thrombosis may be better
accomplished on the thin axial source images as well.
Finally, vascular dissection can be directly visualized
on the axial source images.

Both 2D and 3D reconstructions are time inten-
sive. At our institution, there are dedicated 3D tech-
nologists who use stand-alone workstations to out-
put the reconstructed images.Of note,however, many
scanners have easy-to-use reconstruction software
that can be applied directly at the CT console by the
technologist, with only minimal interruption of pa-
tient throughput. Specifically, our technologists rou-
tinely reconstruct axial, coronal, and sagittal MIP
views through the brain on all or our head CTAs.
These are done using 3-cm-thick slabs with 0.5 cm of
overlap, take only approximately 30 s per imaging
plane to reconstruct, and contribute greatly to a quick
overview of the anterior cerebral artery (ACA, sagittal
plane), MCA (axial and coronal plane), posterior cere-
bral artery (PCA, axial plane), and vertebral-basilar
(coronal plane) anatomy, as shown in Figs. 4.1 and
4.2.

One potential pitfall of all of these rendering tech-
niques is the obscuration of internal blood vessel lu-
mens by immediately adjacent calcified structures.
This is most problematic for the characterization of
cavernous sinus aneurysms, and for the measure-
ment of residual lumen diameters in the presence of
heavy circumferential calcifications, especially in cas-
es of severe carotid bifurcation occlusive disease [28,
71].A pitfall unique to SSD,which makes it unsuitable
for CT venographic reconstructions, is its elimina-
tion of image pixels by thresholding. This feature

makes it possible to falsely create the appearance of a
vascular stenosis if bone adjacent to a vessel is over-
thresholded. In what follows, the various reconstruc-
tion methods are discussed in more detail:

4.3.3.2 Maximum Intensity Projection

As with MRA, a projected 2D image can be con-
structed by displaying only pixels with the maxi-
mum, or highest, CT attenuation along a given ray.
One of the earliest descriptions of creating MIP im-
ages for CTA was by Napel [72]. As noted above, MIP
images can be quickly and easily reconstructed at the
scanner console, and are thereby readily available
and convenient for review. These images can be con-
structed with a user-defined thickness. Furthermore,
they are less sensitive than axial source images and
SSD images to varying window and level settings. At
Stanford, they have suggested that MIP is superior to
SSD for renal artery stenosis evaluation [73]. Other

Figure 4.12

MIP image of normal carotid bifurcation; atherosclero-
sis may obscure the underlying enhancing lumen. (BIF
Bifurcation, RCCA right common carotid artery)
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groups have suggested similar results for carotid ar-
tery stenosis.

As this technique relies on detecting the highest
pixel on a given ray, it is sensitive to overlap from ad-
jacent bony and opacified venous structures, as
shown in Figs. 4.12 and 4.13. Currently attempts are
being made to subtract the underlying bony struc-
tures, but to date these have been limited by multiple
technical factors, not least of which is subtle patient
motion resulting in inaccurate representation of the
composite image.

4.3.3.3 Multiplanar Volume Reformat

Instead of taking the highest attenuation in a pixel
along a given ray, an MPR image is formed by the
mean CT attenuation. It not routinely used by our
group for image review, as the vascular images are
more commonly confounded by overlap from adja-
cent bone or opacified venous structures. The slab
can be reconstructed at an arbitrary slab thickness, as
in an MIP; here the vertebrobasilar system is shown
in Fig. 4.14. Unlike SSD and VR techniques, 2D MPR
reconstructions do not obscure partially occlusive
thrombus.

Figure 4.13

a Coronal and sagittal MIP im-
ages demonstrate an apparent
aneurysm of the callosomargin-
al artery (arrows). b Axial con-
trast-enhanced source image
confirms the presence of a den-
sity in the location shown on the
MIP images (arrow). c Compari-
son with noncontrast image at
the same location demonstrates
calcification of the falx, there is
no aneurysm (arrow)

a

b c
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4.3.3.4 Curved Reformat

To quickly delineate and review the entire course of a
long, tortuous vessel, such as the carotid or vertebral
arteries, a curved reformatted image is helpful. Here,
the vessel is traced along its course, with the user
selecting the pixels to display on consecutive axial
images. The resultant reconstructed image is dis-
played in a 2D format. The process of creating curved
reformatted (CR) images is the most time intensive of
any of the rendering techniques discussed here. It is

also subject to interpretative error, analogous to that
of a conventional angiogram; hence, two orthogonal
views are required to accurately screen for vascular
stenosis (which may be elliptical, rather than spheri-
cal in nature), as shown in Fig. 4.15. CR is especially
useful for quickly screening for dissection, of both
the cervical internal carotid artery and the vertebral
artery at the skull base, provided these reconstruc-
tions are included with the reconstructed image set,
demonstrated in Fig. 4.16.

4.3.3.5 Shaded Surface Display

This is a thresholding technique to display all pixels
with attenuation values greater than a user-specified
Hounsfield threshold. Bone, opacified vessels, and
calcification will be captured with a threshold of
80–100 HU; however, most parenchymal structures
will be excluded [74]. SSD is not as useful in acute
stroke evaluation, as only pixels on the surface are
displayed. This limits evaluation for partially occlu-
sive thrombus. It has been most successfully used for
surgical planning, such as for paraclinoid aneurysms.

4.3.3.6 Volume Rendering

With VR, unlike with SSD, nonsurface pixels are in-
cluded in the dataset [75]. This is advantageous, in
that, using thresholding, layers of the vessel can be
“peeled” away or made transparent, so as to demon-
strate underlying structures, as shown in Fig. 4.17. To
date, however, there have been no convincing studies
demonstrating the efficacy of VR in evaluation for
acute stroke.This is likely due to the intensive user in-
teraction required to set user-defined parameters of
opacity, window, and level to create diagnostically
appropriate VR projections.

Figure 4.14

MPR image of vertebrobasilar system
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Figure 4.15

Occlusion of left internal carotid artery (LICA). Early and delayed axial images
confirm the occlusion. Curved reformatted images of the LICA display the occlu-
sion. Included are AP and lateral CR images of a normal LICA for comparison
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Figure 4.16

Left vertebral artery (LVA) dissection on both axial
images and as shown on a curved reformatted image
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Figure 4.17

a Axial noncontrast and CTA
source images with a subarach-
noid hemorrhage (SAH) and the
suggestion of an underlying top
of carotid aneurysm. b Curved re-
format, axial MIP, and volume ren-
dered image confirm aneurysm
at the top of the right carotid
artery

a

b
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4.4 CTA Protocol for Acute Stroke

Multislice scanners allow flexibility in designing a
rapid, efficient CTA protocol for acute stroke. The
intracranial and extracranial vasculature can be im-
aged in less than 60 s. Even with the rapid scanning
protocols designed for acute stroke, it remains neces-
sary to tailor the acquisition, so that the images pro-
vide optimal visualization not only of an occlusive
circle-of-Willis thrombus, but also of the possible
origin or source of this thrombus. Because detection
of an acute intracranial embolus is our first priority,
the initial phase of our protocol is focused at the cir-
cle of Willis. By acquiring the intracranial CTA source
images (also known as: “whole brain perfused blood
volume images” – see Chapter 5) first, we simultane-
ously acquire the best possible CTA images of the cir-
cle of Willis. These images have the least venous con-
tamination, as well as the most uniform arterial
opacification, which is especially critical in the region
of the cavernous sinus, Fig. 4.18.

Subsequently, CTA acquisition of the neck is per-
formed, to evaluate for carotid stenosis as a possible
source of emboli. In this “neck”phase of our protocol,
it is not detrimental if venous opacification is pres-
ent. Importantly, however, delayed scanning through
the arch typically permits contrast that has pooled in
the subclavian or brachiocephalic veins to be cleared
prior to imaging, decreasing the resultant streak arti-
fact from highly concentrated contrast in these ves-
sels; subsequently, the origin of the great vessels can
be more clearly evaluated. Figure 4.19 shows how
streak at the origin by early scanning can result in
misinterpretation.

After acquiring the CTA of the neck, single slab
quantitative cine CT perfusion can additionally be
performed, depending on the clinical need for these
data in acute stroke triage. This is discussed at length
in Chapter 5, along with specific scanning parame-
ters. A sample stroke CTA protocol, optimized for the
GE 16-slice scanner, is, however, provided for refer-
ence in Table 4.5. Using the aforementioned tech-
niques for contrast reduction, including saline bolus
chaser and bolus shaping, it is increasingly possible
to obtain maximal uniform arterial enhancement –

and hence diagnostic CTA images – without compro-
mising the contrast dosage required for the addition
of CT cine perfusion.

Figure 4.18

Occlusion at the top of the carotid,as best seen on coro-
nal and axial MIP images
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Figure 4.19

Dense contrast results in streak artifact in the right innominate vein and accounts for apparent nonopacification of the right
common carotid artery (RCCA). On an axial image superior to the apparent obstruction, there is uniform enhancement
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4.5 Accuracy and Clinical Utility 
of CTA in Acute Stroke

4.5.1 Optimal Image Review

As noted above, review of both “thick” reformatted
axial source images and 2D/3D reconstructions is
required for appropriate stroke CTA interpretation.
Indeed, given the enormous number of thin slice
axial sections required for 3D reconstruction, a
systematic, practical approach to image review is
required.

Initially, the axial 5-mm-thick noncontrast CT im-
ages are reviewed, primarily to exclude hemorrhage –
an absolute contraindication to thrombolysis – but
also to assess for parenchymal hypodensity (a strong
relative contraindication to thrombolysis, if more
than one-third of a vascular territory is involved).
Care is taken to perform image review using narrow
“window width” and “center level” display settings, so
as to maximize the subtle difference between gray
matter and white matter attenuation – thereby maxi-
mizing the detection of subtle, edematous, hypo-
dense ischemic regions, as discussed at length in
Chapter 3 [70].

Subsequently, the 2.5- to 3-mm-”thick” axial CTA
source images are reviewed, typically at the scanner
console. Large, proximal circle-of-Willis occlusions,

such as top-of-carotid T-lesions, are easily recogniza-
ble, even from the axial source images, and the
“stroke team” can be immediately activated. Simulta-
neously, at most modern scanner consoles, the CTA
dataset can be reformatted into “thin” (1.25 mm or
less) slices, and quickly reconstructed into axial,
coronal, and sagittal MIP images, facilitating more
sensitive detection of secondary and tertiary branch
occlusions. Even more detailed reconstructions, in-
cluding curved reformats of the entire neurovascular
system, from arch to vertex, can be created offline on
a 3D workstation by a dedicated technologist.

4.5.2 Role of CTA in Acute Stroke

A major clinical role of CTA in acute stroke manage-
ment remains the exclusion of unnecessary i.a.
thrombolytic therapy in patients presenting with
acute embolic stroke, but who do not have large ves-
sel occlusions amenable to thrombolysis. Such occlu-
sive stroke mimics include, but are not limited to,
small vessel strokes (e.g., lacunar infarcts), TIAs,
migraine headaches, seizures, and hypoglycemic
events. CTA offers a convenient solution to the prob-
lem of efficiently diagnosing primary, secondary, and
– increasingly – tertiary branch levels of intracranial
vascular occlusion, prior to the initiation of throm-
bolytic therapy.

Table 4.5. Sample acute CTA/CTP protocol for GE 16-slice scanner. (CTA CT angiography, CTP CT perfusion, FOV field of view,
ICA internal carotid artery, NCCT noncontrast CT)

Contrast Range Slice Image Table Pitch Tube Tube Rota- Scan Display 
thickness spacing feed voltage current tion FOV FOV
(mm) (mm) (mm/s) (kV) (mA) time (s)

NCCT None C1 to 2.5 2.5 5.62 0.562 140 220 0.5 Head 22
vertex

CTA Head 4 ml/s C1 to 2.5 2.5 5.62 0.562 140 200 0.5 Head 22
for 40 ml, vertex
25 s delay

CTA Neck 0.8 ml/s Arch to 2.5 2.5 5.62 0.562 140 250 0.5 Large 22
for 30 ml C1

Cine CTP 7 ml/s Top of 5 None, None N/A 80 200 1 Head 22
for 40 ml, ICA cine
5 s delay



Chapter  480 S. Sheikh · R.G. González · M.H. Lev

When considering the possible need for thrombol-
ysis, assessment of Circle-of-Willis anatomy, as well
as of collateral flow distal to an occlusion, was
demonstrated on CTA as early as in 1998 [25]. Indeed,
Kucinski et al. [80] recently showed that collateral
circulation is an independent predictor for outcome
in acute ischemic stroke.Associated lesions in the set-
ting of an acute intracranial vessel occlusion, such as
aneurysms, which would preclude thrombolytic
therapy, although rare, can also be demonstrated by
CTA [21], as shown in Figs. 4.20 and 4.21.

CTA has been shown to be highly accurate in de-
lineating the presence and extent of intracranial
thrombus, Fig. 4.22. In a study of 44 consecutive in-
tra-arterial thrombolysis candidates who underwent
both CTA and the “gold standard” of catheter arteri-
ography, CTA demonstrated a sensitivity and speci-
ficity of 98.4% and 98.1%, respectively, for the detec-
tion of proximal large vessel thrombus [76].

The degree and level of occlusion have been shown
to be important factors in planning acute stroke ther-
apy. In early studies, intravenous rt-PA for clot lysis
was more likely to be effective in secondary and ter-
tiary MCA branch occlusions than in larger, more
proximal occlusions [6, 81]. In another study using
CTA, there was little benefit from intravenous rt-PA

when there was poor collateralization, autolyzed
thrombi, or proximal “top of carotid” saddle emboli
[82]. In still other studies,“top of ICA” carotid termi-
nus occlusion was demonstrated to be a better
predictor of fatal outcome than an admission unen-
hanced CT showing greater than one-third MCA
territory hypodensity [83, 84].

Moreover, the source images from the CTA dataset,
assuming an approximate steady-state level of con-
trast enhancement during scan acquisition, are in-
trinsically blood volume weighted. Like DWI, these
images can be used to determine tissue with a high
likelihood of infarction in the absence of early, com-
plete recanalization [77]. This topic is discussed more
fully in Chapter 5.

Unlike unenhanced (or perhaps even enhanced)
MRA, CTA is an anatomic imaging technique, and 
is therefore not highly likely to yield false-positive 
results for occlusion due to slow flow or artifact.
Carotid sonography is also known to be inaccurate in
distinguishing a true carotid occlusion from a hair-
line lumen. Indeed, accuracy for distinguishing hair-
line residual lumen from total occlusion of the inter-
nal carotid artery using single-slice helical CTA was
found to be excellent, compared to a gold standard of
catheter arteriography [78].Accuracy rates were 95%

Figure 4.20

Incidental aneurysm found during evaluation for acute stroke. The collapsed MIP image shows cutoff of the left MCA
stem (arrow, a) and right MCA aneurysm (arrow, b). Corresponding shaded surface display

b

a

a

b
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and 80% for two independent raters, with no statisti-
cally significant difference in accuracy between the
two readers.

CTA has also been used to perform serial moni-
toring of patients with proven internal carotid artery
occlusions. Surprisingly, spontaneous recanalization
of an occluded internal carotid artery has been
demonstrated [79]. In such cases, serial catheter an-
giography would have been prohibitive in terms of
time, cost, and risk of complications.

Neck CTA can often elucidate the etiology of an in-
tracranial occlusion. In older patients, carotid plaque
can be accurately assessed by CTA. In a study of 82
patients, CTA was shown to be comparable to, and at
times more accurate than, carotid sonography in de-
termining the degree of stenosis [89]. Agreement in
determination of vessel abnormality, plaque mor-
phology, and ulceration between the two metho-
dologies was reported to be 82%, 89%, and 96%,
respectively.Moreover,11 tandem lesions reported by

Figure 4.21

Acute stroke in a patient with endocarditis.The unenhanced and corresponding diffusion-weighted image (DWI) demon-
strates acute infarct in the left parietal/temporal lobe. Evaluation with CTA MIP images clearly demonstrates a bilobed
aneurysm (arrow), which is confirmed on the catheter cerebral angiogram
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CTA were not detected by sonography. When com-
pared to a surgical gold standard, using North Amer-
ican Symptomatic Carotid Endarterectomy Trial
(NASCET) criteria, degree of stenosis was correctly
shown on CTA 89% of the time, as opposed to 83%
with sonography. CTA did not overestimate stenosis.

CTA was superior to sonography in detecting plaque
ulcerations and vessel abnormalities.

In younger patients, dissection of the carotid
and/or vertebral arteries must be included in the dif-
ferential diagnosis of acute stroke [85–87]. In 1999,
Oelerich [88] reported satisfactory results with MRA

Figure 4.22

CT angiography (CTA) maximum intensity projection (MIPs) images with four different orientations demonstrate occlu-
sion of the M1 segment of the right middle cerebral artery
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in demonstrating craniocervical artery dissection.
Although MR can demonstrate intramural hema-
toma, this is typically time-dependent, and, as noted
previously, CTA is less prone to error from slow flow
or other artifacts, and can provide a true anatomical
image of the intravascular lumen. CTA can also pro-
vide information regarding the false lumen, flap, and
extra-luminal structures – information not necessar-
ily provided even by catheter arteriography.

4.6 Future Directions

As MDCT scanner technology advances, both acqui-
sition speed and extent of z-direction coverage con-
tinue to improve. These advances should make possi-
ble the use of lower total contrast volumes and more
rapid scanning, without loss of image quality or sig-
nificantly increased radiation dose.

Increased coverage will not only be of benefit for
cine CT perfusion studies, which are limited to the
detector size of the given MDCT scanner (see Chap-
ter 5), but it may also facilitate more complete neu-
rovascular coverage than is currently obtainable,
namely from the aortic arch to the vertex. Specifical-
ly, it may be possible to extend the neck portion of the
CTA acquisition inferiorly to include the left atrium
and left ventricle, so as to assess for endoluminal
thrombus in stroke patients who present with atrial
fibrillation as a possible embolic source. If successful,
this technique has the potential to obviate the need
for more invasive trans-esophageal echocardiogra-
phy (TEE), which carries the rare but life-threatening
risk of esophageal rupture [90]. CTA could therefore
prove to be of greater value than TEE in acute stroke
patients with atrial fibrillation [91].

Additionally, faster gantry rotation speeds may
make possible “cine CTA fluoroscopy,” with which
difficult-to-detect lesions, such as cavernous sinus
aneurysms or arterial venous malformations, could
be visualized with greater temporal resolution during
arterial, capillary, and venous phases of contrast en-
hancement. Dedicated studies could display a tempo-
rally parsed image, which would mirror the temporal
resolution of the standard cerebral catheter arteriog-
raphy.

4.7 Conclusion

CTA is a highly accurate tool for defining the level of
intracranial vascular occlusion in patients presenting
within 6 h of embolic stroke onset. CTA data will like-
ly prove valuable in the rapid triage of such patients
to appropriate therapy, including i.v. and i.a. throm-
bolytic treatment. For the evaluation of acute stroke
patients, CTA is fast, simple, accurate, and conven-
ient. Clinically relevant information regarding both
vascular patency and parenchymal perfusion can be
obtained during the first pass of a single contrast
bolus in CTA.

Compared with single detector row CTA, there are
fewer restrictions on designing a scanning protocol
with the newer multislice CT scanners, especially
those employing 16 channels or more – facilitating
increased longitudinal coverage within a shorter
scanning time. Complete imaging of the arterial tree
– from arch to vertex – to evaluate for both acute oc-
clusions and chronic stenoses – can be accomplished
during peak arterial opacification. Contrast dose can
be minimized with the use of a saline bolus and mul-
tiphasic injection. CTA not only compares favorably
with catheter angiography for detection of acute
large vessel occlusion, but can also provide informa-
tion regarding collateral flow and lesion extent. By
including neck CTA for acute stroke evaluation,
embolic source and plaque burden at the origins of
the internal carotid arteries can additionally be de-
termined. Other stroke etiologies, such as dissection,
can also be displayed. Finally, CTA of the neck affords
an opportunity to plan catheter angiography, de-
creasing the time and contrast load required for i.a.
thrombolysis, should it be required.
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5.1 Introduction

Acute stroke is a common cause of morbidity and
mortality worldwide: it is the third leading cause of
death in the United States (responsible for approxi-
mately 1 in 15 deaths in 2001) and affects approxi-
mately 700,000 individuals within the United States
annually [1]. The ability to treat patients in the acute
setting with thrombolytics has created a pressing
need for improved detection and evaluation of acute
stroke, with a premium placed on rapid acquisition
and generation of data that are practically useful in
the clinical setting. Recanalization methods for acute
ischemic stroke remain limited to a restricted time
window, since intravenous (i.v.) and intra-arterial
(i.a.) thrombolysis carry hemorrhagic risk that in-
creases with time post-ictus [2–4]. Clinical exam and
unenhanced CT, the existing imaging standards for
acute stroke, are limited in their ability to identify
individuals likely to benefit from successful recanal-
ization [3, 5–11].

Advanced imaging techniques extend traditional
anatomic applications of imaging and offer addition-
al insight into the pathophysiology of acute stroke,
by providing information about the arterial-level
cerebral vasculature, capillary-level hemodynamics,
and the brain parenchyma.Our evolving understand-
ing of acute stroke emphasizes knowledge of each of
these levels to guide treatment decisions in the acute
setting. As a modality, MR in particular has gained
acceptance in the evaluation of acute stroke, in large
part due to the rapidity and accuracy of diffusion-
weighted imaging (DWI) in the detection of acute in-
farction when compared to traditional unenhanced
CT [12, 13].

CT Perfusion (CTP)
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CT perfusion (CTP) expands the role of CT in the
evaluation of acute stroke by providing insight into
areas in which CT has traditionally suffered in com-
parison to MR – capillary-level hemodynamics and
the brain parenchyma – and in doing so forms a nat-
ural complement to the strengths of CTA [14–17].
The imaging of acute stroke demands answers to four
critical questions [10, 18, 19]:
▬ Is there hemorrhage?
▬ Is there intravascular thrombus that can be target-

ed for thrombolysis?
▬ Is there a “core” of critically ischemic irreversibly

infarcted tissue?
▬ Is there a “penumbra” of severely ischemic but

potentially salvageable tissue?

CTP attempts to address the latter two of these ques-
tions to better guide management in the acute set-
ting. (Table 5.1).

CTP imaging techniques are relatively new com-
pared to MR-based methods; their clinical applica-
tions are therefore less thoroughly reported in the lit-
erature [20–22]. Despite this, because the general
principles underlying the computation of perfusion
parameters such as cerebral blood flow (CBF), cere-
bral blood volume (CBV), and mean transit time
(MTT) are the same for both MR and CT, the overall
clinical applicability of perfusion imaging using both
of these modalities is likely to be similar. In addition,

as will be discussed, first-pass CTP, unlike MR perfu-
sion-weighted imaging (MR-PWI), readily provides
high-resolution, quantitative data using commercial-
ly available software. In addition, CTA with CTP is
fast [14], increasingly available [23], safe [24], and af-
fordable [25]. It typically adds no more than 10 min
to the time required to perform a standard unen-
hanced head CT, and does not hinder i.v. thromboly-
sis, which can be administered – with appropriate
monitoring – directly at the CT scanner table imme-
diately following completion of the unenhanced scan
[8, 14, 16, 17, 20, 24, 26–49]. Like DWI and MR-PWI,
CTA/CTP has the potential to serve as a surrogate
marker of stroke severity, likely exceeding the NIH
Stroke Scale (NIHSS) score or Alberta Stroke Pro-
gram Early CT Score (ASPECTS) as a predictor of
outcome [26, 50–57]. Because of these advantages,
increasing evidence that advanced CT imaging can
accurately characterize stroke physiology could 
have important implications for the management of
stroke patients worldwide [32, 33, 58, 59].

5.2 CTP Technical Considerations

Acute Stroke Protocol. A protocol for the imaging of
acute stroke should address the central questions
necessary to triage patients appropriately (Table 5.1).
The acute stroke protocol employed at our institution
has three components: the unenhanced CT, an “arch-
to-vertex” CTA, and dynamic first-pass cine CTP
(Table 5.2). A similar CTA/CTP protocol, or its 
equivalent, could be applied using any commercially
available multidetector row helical CT scanner with
only minor variations that should not adversely alter
image quality. The protocol is routinely completed
within 10 min. Perhaps the most important aspect of
patient preparation for CTP imaging may be to have
an 18- or 20-gauge catheter already placed in an ap-
propriately large vein prior to the patient’s arrival in
the CT suite. It is similarly useful for the power injec-
tor to be loaded prior to patient arrival.Total scanning
time can be drastically reduced if such details are at-
tended to before the examination. It is important to
secure the head with tape or Velcro straps, as motion
artifact can severely degrade CTA/CTP image quality.

Table 5.1. The four key questions in the imaging evaluation
of acute stroke and the roles of various CT techniques. (CBF
Cerebral blood flow, CTA CT angiography, CTP CT perfusion,
CTA-SI CTA source images)

Is there hemorrhage?
Unenhanced CT

Is there intravascular thrombus 
that can be targeted for thrombolysis?
CTA

Is there a “core” of critically ischemic 
irreversibly infarcted tissue?
CTP (CBV/CTA-SI)

Is there a “penumbra” of severely ischemic 
but potentially salvageable tissue?
CTP (CBF)



Chapter  5 89CT Perfusion (CTP)

The role of unenhanced CT in stroke triage, dis-
cussed in more detail in Chapter 3, is principally to
exclude hemorrhage prior to thrombolytic treatment
[60]. A large, greater than one-third middle cerebral
artery (MCA) territory hypodensity at presentation
is considered by most to be a contraindication to
thrombolysis [61]. CT remains suboptimal in its abil-
ity to correctly subtype stroke, localize embolic clot,
predict outcome, or assess hemorrhagic risk [3,
5–11]. Early ischemic signs of stroke are typically ab-
sent or subtle, and their interpretation is prone to sig-
nificant inter- and intra-observer dependency [11,56,
62–65].

The technical considerations and interpretation of
the second portion of the acute stroke protocol, CTA,
are discussed in detail in Chapter 4. Importantly,
however, the source images from the CTA vascular
acquisition (CTA-SI) also supply clinically relevant
data concerning tissue-level perfusion. It has been
theoretically modeled that the CTA-SI are weighted
predominantly by blood volume rather than blood
flow [22, 29, 66]. The potential utility of the CTA-SI
series in the assessment of brain perfusion is dis-
cussed in detail below. This perfused blood volume
technique requires the assumption of an approxi-
mately steady-state level of contrast during the peri-

Table 5.2. Sample acute stroke CT protocol employed at the authors’ institution, incorporating CTA and CTP. The protocol is
designed to answer the four basic questions necessary for stroke triage described in Table 5.1. The parameters are presented 
for illustrative purposes and have been optimized for the scanner currently employed in our Emergency Department (General
Electric Healthcare Lightspeed-16).The parameters should be optimized for each scanner (FOV Field of view)

Series Unenhanced CTA head CTA neck Cine perfusion ×2

Biphasic contrast injection: 4 ml/s for 40 ml, 7 ml/s for 40 ml for 
then 0.8 ml for 30 ml each CTP acquisition

Delay: 25 s (35 s if poor cardiac output Delay: 5 s; each is a 
including atrial fibrillation) 60-s cine acquisition

Range C1 to vertex C1 to vertex Arch to C1 Two CTP slabs

Gantry angle 0 0 0 0

Algorithm Standard Standard Standard Standard

Slice thickness 5 mm 2.5 mm 2.5 mm 5 mm

Image spacing 5 mm 2.5 mm 2.5 mm

Table feed 5.62 mm 5.62 mm 5.62 mm N/A

Pitch 0.562 0.562 0.562 N/A

Mode 0.562:1 0.562:1 0.562:1 16*1.25 CINE 4i

kVp 140 140 140 80

mA 220 200 250 200

Rotation time 0.5 s 0.5 s 0.5 s 1 s

Scan FOV Head Head Large Head

Display FOV 22 cm 22 cm 22 cm 22 cm

Retrospective Thick 1.25 mm Thick 1.25 mm
helical reconstructions Interval 0.625 mm Interval 1.0 mm

FOV 18 cm FOV 18 mm
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od of image acquisition [29]. It is for this reason – in
order to approach a steady-state – that our protocols
call for a biphasic contrast injection that can achieve
a better approximation of the steady-state [67, 68].
More complex methods of achieving uniform con-
trast concentration with smaller doses have been
proposed that may eventually become standard, such
as exponentially decelerated injection rates [69] and
biphasic boluses constructed after analysis of test
bolus kinetics [68, 70].

CTP Acquisition. The cine acquisition of CTP forms
the final step in the acute stroke imaging evaluation.
With dynamic, quantitative CTP, an additional con-
trast bolus is administered (at a rate of 4–7 ml/s) dur-
ing continuous, cine imaging over a single brain
region. Using the “standard” cine technique, imaging
occurs for a total of 45–60 s, sufficient to track the
“first pass” of the contrast bolus through the in-
tracranial vasculature without recirculation effects.
Our current scanner (General Electric Lightspeed 16)
offers 2 cm of coverage per bolus (two 10-mm-thick
or four 5-mm-thick slices) [28, 38, 46]; however, the
coverage volume of each acquisition depends greatly
on the manufacturer and generation of the CT scan-
ner and continues to increase with enlarging detector
arrays and improving technology. The maximum de-
gree of vertical coverage could potentially be doubled
with each bolus using a “toggle table” technique, in
which the scanner table moves back and forth,
switching between two different cine views, albeit at
a reduced temporal resolution of data acquisition
[42]. Our current protocol employs two boluses to
acquire two slabs of CTP data at different levels,
increasing overall coverage [48]. Importantly, at least
one imaged slice in each acquisition must include a
major intracranial artery for CTP map reconstruc-
tion. Because the previously acquired CTA data are
available prior to CTP acquisition, one can target the
tissue of interest through the selection of an appro-
priate imaging plane for the CTP acquisition, which
is particularly important given the relatively restrict-
ed CTP coverage obtained even with two CTP acqui-
sitions. It has been our experience that a scan plane
positioned parallel and superior to the orbital roof
can provide sufficient sampling of the middle (both

superior and inferior divisions), anterior, and poste-
rior cerebral artery territories to assess perfusion in
cases of large vessel anterior circulation stroke, and,
when positioned parallel and inferior, in cases of
large vessel posterior circulation stroke [15, 71, 72].
An important consideration in the design of an acute
stroke protocol is the total contrast dose; in the sam-
ple protocol presented here, the contrast used for the
CTA has been restricted in order to allow two 40-ml
boluses during the CTP acquisitions.

Considerable variability exists in the protocols
used for CTP scanning, because CTP imaging has
only recently gained acceptance as a clinical tool, and
because construction of perfusion maps is depend-
ent on the specific mathematical model used to ana-
lyze the dynamic, contrast-enhanced datasets. Algo-
rithm-dependent differences in contrast injection
rates exist; for example, models that assume “no
venous outflow” necessitate extremely high injection
rates (which in practice can be difficult to achieve) in
order to achieve peak arterial enhancement before
venous opacification occurs [30]. Considerably slow-
er injection rates can be used with the deconvolution-
based models [73]. However, regardless of injection
rate, as with MR perfusion imaging, higher contrast
concentrations are likely to produce maps with
improved signal-to-noise ratios [74].

One accepted deconvolution CTP imaging proto-
col calls for scanning at 80 kV, rather than at a more
conventional 120–140 kV (Table 5.2). Theoretically,
given a constant tube current, this tube voltage set-
ting would not only reduce the administered radia-
tion dose to the patient but would also increase the
conspicuity of i.v. contrast, due, in part, to the greater
importance of the photoelectric effect for 80 kV pho-
tons, which are closer to the “k-edge” of iodine [46].
Images are acquired in cine mode at a rate of approx-
imately one image per second. Improved temporal
resolution is possible with some scanners, with ac-
quisition rates as fast as one image per half second,
however the resulting moderate improvement in tis-
sue-density curve noise may not justify the increased
radiation dose.
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5.3 Comparison with MR-PWI

5.3.1 Advantages

Quantitation and Resolution. While CTP and MR-
PWI both attempt to evaluate the intricacies of capil-
lary-level hemodynamics, the differences in tech-
nique create several important differences that
should be considered (Table 5.3).While dynamic sus-
ceptibility contrast (DSC) MR-PWI techniques rely
on the indirect T2* effect induced in adjacent tissues
by high concentrations of intravenous gadolinium,
CTP relies on direct visualization of the contrast ma-
terial. The linear relationship between contrast con-
centration and attenuation in CT readily lends itself
to quantitation, which is not possible with MR-PWI
techniques. MR-PWI may also be more sensitive to
“contamination” by large vascular structures and is
also limited in some areas due to susceptibility effects
from adjacent structures. In addition, CTP has greater
spatial resolution than MR-PWI. These factors con-
tribute to the possibility that visual evaluation of
core/penumbra mismatch is more reliable with CTP
than with MR-PWI [75, 76].

Availability and Safety. CT also benefits from the
practical availability and relative ease of scanning,
particularly when dealing with critically ill patients
and the attendant monitors or ventilators. CT may
also be the only option for a subgroup of patients
with an absolute contraindication to MR scanning,
such as a pacemaker, and is a safe option when the
patient cannot be screened for MR safety.

5.3.2 Disadvantages

Limited Coverage. A major disadvantage of current
CTP techniques is the relatively limited coverage;
while MR-PWI is capable of delivering information
about the whole brain, the coverage afforded by CTP
depends greatly on the available CT technology. Our
current protocol (using a GE Lightspeed 16 scanner)
provides four slices (5 mm each) derived from a 
2-cm-thick slab of tissue for each contrast bolus.
Even with two CTP cine acquisitions, the overall cov-
erage necessitates a tailored approach that acquires
perfusion data in areas of interest. Importantly, how-
ever, the limited coverage offered by current CTP
techniques may be less of a problem with further
advances in multidetector CT technology.

Ionizing Radiation. CTA/CTP also requires ionizing
radiation and iodinated contrast. The safety issues
involved are no different from those of any patient
group receiving contrast-enhanced head CT scan-
ning, and are discussed at length in multiple papers
[15, 77]. The CTP protocol, in particular, has been
optimized to provide maximum perfusion signal
with minimum dose [46]. Overall, each of the CTA
and CTP components of our protocol delivers ap-
proximately the same low radiation dose to the head
as a conventional CT.

Iodinated Contrast. Our current protocol employs
two 40-ml boluses of iodinated contrast material for
the CTP cine acquisitions, in addition to the contrast
required for the CTA acquisition. This is a not in-
significant dose of iodinated contrast, particularly in
the relatively older population most at risk for stroke,
and the dose may be of even higher concern if the pa-

Table 5.3. Advantages and disadvantages of CTP relative to
MR perfusion-weighted imaging (PWI)

Advantages

Availability and decreased cost of CT

Speed of acquisition

Ease of monitoring and intervention 
in an unstable clinical setting

Can be performed in patients with pacemakers 
or other contraindications to MR,
or in patients who cannot be screened for MR safety

Improved resolution

Quantitative perfusion information

Disadvantages

Limited scan coverage

Risks and complications of iodinated contrast

Ionizing radiation

More complex post-processing
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tient subsequently requires additional contrast for
endovascular intervention. However, nonionic iodi-
nated contrast has been shown not to worsen stroke
outcome [78–80]. In patients with preexisting renal
dysfunction (abnormally elevated creatinine) or in-
sulin-dependent diabetes, our protocol calls for non-
ionic, iso-osmolar contrast administration, minimiz-
ing the chance of nephrotoxicity [81].

Complex Post-Processing. Post-processing of CTA
and CTP images is more labor intensive than that of
MRA and MRP images, although with training and
quality control, 3D reconstructions of CTA datasets,
as well as quantitative CTP maps, can be constructed
rapidly and reliably [82–84].

5.4 CTP: General Principles

Perfusion-weighted CT and MR techniques – as op-
posed to those of MR and CT angiography which
detect bulk vessel flow – are sensitive to capillary, tis-
sue-level blood flow [85]. This evaluation of capil-
lary-level hemodynamics extends the traditional
anatomic role of imaging to provide insight into the
delivery of blood to brain parenchyma. The idea of
contrast-enhanced CT perfusion imaging emerged as
early as 1976, when a computerized subtraction tech-
nique was used to measure regional cerebral blood
volume (rCBV) using the EMI scanner. Sodium
iothalamate was administered intravenously to in-
crease x-ray absorption in the intracranial circula-
tion, permitting regional differences in CBV to be
measured [86]. More recently, prior to the advent of
helical CT scanning, “time to peak” analysis of cere-
bral perfusion was proposed as a means of evaluating
stroke patients. Patients with a prolonged (greater
than 8 s) time to peak parenchymal enhancement
had poor clinical outcomes. This dynamic CT study
took 10–15 min longer to perform than a convention-
al CT exam. Therefore, given the absence of faster
scanning or an approved treatment for acute stroke,
this method never gained clinical acceptance [87].

The generic term “cerebral perfusion” refers to tis-
sue-level blood flow in the brain. This flow can be de-
scribed using a variety of parameters, which primari-

ly include CBF, CBV, and MTT (Table 5.4). Under-
standing the dynamic relationships between these
parameters as cerebral perfusion pressure drops in
the setting of acute stroke is crucial to the accurate
interpretation of perfusion maps.Definitions of these
parameters are as follows:

Cerebral blood volume (CBV) is defined as the total
volume of blood in a given unit volume of the brain.
This definition includes blood in the tissues, as well
as blood in the large capacitance vessels such as ar-
teries, arterioles, capillaries, venules, and veins. CBV
has units of milliliters of blood per 100 g of brain tis-
sue (ml · 100 g–1).

Cerebral blood flow (CBF) is defined as the volume of
blood moving through a given unit volume of brain
per unit time. CBF has units of ml of blood per 100 g
of brain tissue per minute (ml · 100 g–1 · min–1).

Mean transit time (MTT) is defined as the average of
the transit time of blood through a given brain re-
gion. The transit time of blood through the brain
parenchyma varies depending on the distance trav-
eled between arterial inflow and venous outflow.
Mathematically, MTT is related to both CBV and CBF
according to the central volume principle, which
states that MTT=CBV/CBF [88, 89].

5.5 CTP Theory and Modeling

Although easy to define in theory, the perfusion pa-
rameters of CBV, CBF, and MTT can be difficult to
quantify in practice. The dynamic, first-pass ap-
proach to CT perfusion measurement involves the

Table 5.4. Normal values for perfusion parameters in brain
tissue (Adapted from [143])

CBF CBV MTT 
(ml · 100 g–1 (ml · 100 g–1) (s)
· min–1)

Gray matter 60 4 4

White matter 25 2 4.8
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dynamic i.v. administration of an intravascular con-
trast agent, which is tracked with serial imaging dur-
ing its first-pass circulation through the brain tissue
capillary bed. Depending on the assumptions regard-
ing the arterial inflow and the venous outflow of the
tracer, the perfusion parameters of CBV, CBF, and
MTT can then be computed mathematically. Dynam-
ic first-pass contrast-enhanced CTP models assume
that the tracer (i.e., the contrast) used for perfusion
measurement is nondiffusible, neither metabolized
nor absorbed by the tissue bed through which it trav-
erses. “Leakage” of contrast material outside of the
intravascular space, which can occur in cases of
blood–brain barrier (BBB) breakdown associated
with tumor, infection, or inflammation, requires a
different model to be used and therefore adds an ad-
ditional layer of complexity to the calculations. Other
means of assessing cerebral perfusion, including PET
and xenon CT imaging for example, employ diffusible
tracer models which generally involve fewer assump-
tions regarding steady-state CBF than do the dynam-
ic, first-pass contrast-enhanced models used with MR
and CT imaging. The two major types of mathemati-
cal models involved in performing these calculations
are the deconvolution-based and nondeconvolution-
based methods.

Nondeconvolution Techniques. Nondeconvolution-
based perfusion methods rely on the application of
the Fick principle to a given region of interest (ROI)
within the brain parenchyma. This “conservation of
flow” is expressed by the equation:

In the above formula, Ct(t) is the tissue contrast con-
centration versus time curve (commonly referred to
as the time density curve, TDC) measured within a
given brain region.Ca(t) is the TDC for the feeding ar-
tery (also known as the arterial input function, or
AIF), and Cv(t) is the TDC for the draining vein. In
order to create “maps” of cerebral blood flow using
cross-sectional imaging techniques, an independent
TDC is obtained for each pixel. Because Ct(t), Ca(t),
and Cv(t) are known quantities, the equation can be
solved, in principle, on a pixel-by-pixel basis, for CBF.

d / d CBFt a vC t t C t C t( ) = ⋅ ( ) − ( )[ ]

The ease of the mathematical solution to this differ-
ential equation, however, is highly dependent on the
assumptions made regarding inflow and outflow to
the region. One common model assumes no venous
outflow, which simplifies the calculation at the cost of
necessitating extremely high injection rates as de-
scribed above.

CBV can be approximated as the area under the
“fitted” (smoothed) tissue TDC, divided by the area
under the fitted arterial TDC [66].

Note that when it is assumed that the contrast con-
centration in the arteries and capillaries is at a steady
state, this equation forms the basis for the quan-
titative computation of CBV using the “whole brain
perfused blood volume” method of Hunter and
Hamberg [22, 29] described above. After soft tissue
components have been removed by co-registration
and subtraction of the pre-contrast scan, CBV then
simply becomes a function of the density of tissue
contrast, normalized by the density of arterial con-
trast.

Deconvolution Techniques. Direct calculation of
CBF, applicable for even relatively slow injection
rates, can be accomplished using deconvolution the-
ory [73], which compensates for the inability to deliv-
er a complete, instantaneous bolus of contrast into
the artery supplying a given region of brain. In reali-
ty, a contrast bolus (particularly when administered
in a peripheral vein) will undergo delay and disper-
sion before arriving in the cerebral vasculature; de-
convolution attempts to correct for this reality, based
on the following formula:

Since the tissue and arterial TDCs [Ct(t) and Ca(t),
respectively] can be determined directly from the
CTP cine images, one can use deconvolution to solve
for the product CBF·R(t), the “scaled” residue func-
tion. CBF can then be obtained directly as propor-
tional to the maximum height of this scaled residue
function curve, whereas CBV is reflected as the area

C t C t R tt a( ) = ⋅ ( )⊗ ( )[ ]CBF

CBV = ( ) ( )∫ ∫C t C tt a/
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under the scaled residue function curve. Once CBF
and CBV are known, MTT can be calculated using 
the central volume principle.

Mathematically, deconvolution of the arterial
(AIF) and tissue curves can be accomplished using a
variety of techniques, including the Fourier trans-
form and the singular value decomposition methods.
These methods vary in their sensitivity to such fac-
tors as: (1) the precise vascular anatomy of the un-
derlying tissue bed being studied, and (2) the degree
of delay, or dispersal, of the contrast bolus between
the measured arterial and tissue TDCs [90]. In cur-
rent clinical software, the singular value decomposi-
tion method, which is more sensitive to contrast dis-
persal factors than to specific local arterial anatomy,
is the more commonly employed.

The creation of accurate, quantitative maps of
CBV, CBF, and MTT using the deconvolution method
has been validated in a number of studies [28, 37–39,
47, 90–93]. Specifically, validation has been accom-
plished by comparison with xenon [47, 94], PET [95],
and MRP [96–98] in humans, as well as with micros-
pheres in animals [28, 37, 38].

5.6 CTP Post-Processing

In urgent clinical cases, perfusion changes can often
be observed immediately following scanning by di-
rect visual inspection of the axial source images at
the CT scanner console. Soft copy review at a work-
station using “movie” or “cine” mode can reveal rela-
tive perfusion changes over time, although advanced
post-processing is required to appreciate subtle
changes, and to obtain quantification.

Axial source images acquired from a cine CT per-
fusion study are networked to a freestanding work-
station for detailed analysis, including construction
of CBF, CBV, and MTT maps. Prior to loading these
data into the available software package, the source
images should be visually inspected for motion arti-
fact. Images showing significant misregistration with
the remaining dataset can be deleted or corrected,
depending on the sophistication of the existing soft-
ware.

The computation of quantitative first-pass cine
cerebral perfusion maps typically requires some
combination of the following user inputs (Fig. 5.1):
▬ Arterial input ROI: A small ROI (typically 2 ¥ 2 to

4 ¥ 4 pixels in area) is placed over the central por-
tion of a large intracranial artery, preferably an ar-
tery orthogonal to the imaging plane in order to
minimize “dilutional” effects from volume averag-
ing.An attempt should be made to select an arteri-
al ROI with maximal peak contrast intensity.

▬ Venous outflow ROI: A small venous ROI with sim-
ilar attributes is selected, most commonly at the
superior sagittal sinus. With some software pack-
ages, selection of an appropriate venous ROI is
critical in producing quantitatively accurate per-
fusion maps, while others are less sensitive to this
selection [84].

▬ Baseline: The baseline is the “flat” portion of the
arterial TDC, prior to the upward sloping of the
curve caused by contrast enhancement. The base-
line typically begins to rise after 4–6 s.

▬ Post-enhancement cutoff: This refers to the “tail”
portion of the TDC, which may slope upwards
towards a second peak value if recirculation effects
are present. When such upward sloping at the
“tail” of the TDC is noted, the data should be
truncated to avoid including the recirculation of
contrast. The perfusion analysis program will
subsequently ignore data from slices beyond the
cutoff.

Other user-defined inputs, such as “threshold” or
“resolution” values, are dependent on the specific
software package used for image reconstruction. It is
worth noting that major variations in the input val-
ues described above may not only result in perfusion
maps of differing image quality, but, potentially, in
perfusion maps with variation in their quantitative
values for CBF, CBV, and MTT. As previously noted,
special care must often be taken in choosing an opti-
mal venous outflow ROI, because that ROI value may
be used to normalize the quantitative parameters.

Although the precise choice of CTP scanning level
is dependent on both the clinical question being
asked and other available imaging findings, an essen-
tial caveat in selecting a CTP slice is that the imaged
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level must contain a major intracranial artery. This is
necessary in order to assure the availability of an AIF,
to be used for the computation of perfusion maps
using the deconvolution software.

In the construction of perfusion maps from either
CT or MR datasets, voxels comprising the AIF can be
selected in a semi-automated manner. In general,
deconvolution is also less sensitive to variations in
underlying vascular anatomy than are the nondecon-
volution-based methods. This is because, for simplic-
ity, the fundamental assumption of most nondecon-
volution cerebral perfusion models is that a single
feeding artery and a single draining vein support all
blood flow to and from a given tissue bed, and that
the precise arterial, venous, and tissue TDCs can be
uniquely identified by imaging. This assumption is
clearly an oversimplification. While MR-PWI maps
(CBF and MTT) have been shown to have increased

accuracy with a bolus delay-corrected technique
(BDC) [99], a delay correction is built into most avail-
able CTP processing software, so this is less of a con-
cern in CTP.

Potential imaging pitfalls (Table 5.5) in the com-
putation of CBF using the deconvolution method in-
clude both patient motion and partial volume aver-
aging, which can cause the AIF to be underestimated.
The effects of these pitfalls can be minimized by the
use of image coregistration software to correct for
patient motion, as well as by careful choice of ROIs
for the AIF. In addition, comparison with the con-
tralateral (normal) side to establish a percentage
change from normal is a useful interpretive tech-
nique, since the reliability of quantitative data is in
the range of 20–25% variation and the robustness of
the quantitative data has not been established in large
clinical trials.

Figure 5.1 a, b

CT perfusion (CTP) post-processing.a Appropriate region of interest (ROI) placement on an artery (a major vessel running
perpendicular to the plane of section to avoid volume averaging) and on a vein (the superior sagittal sinus, also running
perpendicular to the plane of section and placed to avoid the inner table of the skull). b The time density curves (TDC)
generated from this artery (A) and vein (V) show the arrival, peak, and passage of the contrast bolus over time.These TDCs
serve as the arterial input function (AIF) and the venous output for the subsequent deconvolution step

a b
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5.7 Clinical Applications of CTP

Indications (and potential indications) for advanced
“functional” imaging of stroke in the first 12 h in-
clude the following: (1) exclusion of patients most
likely to hemorrhage and inclusion of patients most
likely to benefit from thrombolysis; (2) extension of
the time window beyond 3 h for i.v. and 6 h for ante-
rior circulation i.a. thrombolysis; (3) triage to other
available therapies, such as hypertension or hyperox-
ia administration; (4) disposition decisions regard-
ing neurological intensive care unit (NICU) admis-
sion or emergency department discharge; and (5)
rational management of “wake up” strokes, for which
precise time of onset is unknown [100]. The
Desmoteplase in Acute Ischemic Stroke Trial (DIAS)
suggests that the i.v. use of desmoteplase can be ex-
tended to a therapeutic window of 3–9 h post-ictus,
with significantly improved reperfusion rates and
clinical outcomes achieved in patients with a diffu-
sion–perfusion mismatch on MR [101]. Indeed,
based on this evidence and while awaiting informa-
tion from other large trials such as EPITHET (Echo-
planar Imaging Thrombolysis Evaluation Trial),
some authors have cautiously proposed the use of
either advanced MR or CT for extending the tradi-

tional therapeutic time window [18, 102], pointing to
evidence of a relevant volume of salvageable tissue
present in the 3- to 6-h time frame in >80% of stroke
patients [101, 103, 104]. Methods that accurately
distinguish salvageable from nonsalvageable brain
tissue are being increasingly promoted as a means to
select patients for thrombolysis beyond the 3-h win-
dow for i.v. therapy.

5.8 CTP Interpretation:
Infarct Detection with CTA-SI

A number of groups have suggested that CTA source
images, similar to DWI, can sensitively detect tissue
destined to infarct despite successful recanalization
[26, 36, 105]. Theoretical modeling indicates that
CTA-SI, assuming an approximately steady state of
contrast in the brain arteries and parenchyma during
image acquisition, are weighted predominantly by
blood volume, rather than blood flow, although this
has yet to be validated empirically in a large series
[22, 29, 66, 98]. An early report from our group indi-
cated that CTA-SI typically defines minimal final in-
farct size and, hence, like DWI and CBV, can be used
to identify “infarct core” in the acute setting [36]
(Fig. 5.2). Co-registration and subtraction of the con-
ventional, unenhanced CT brain images from the
axial, post-contrast CTA source images should result
in quantitative blood volume maps of the entire brain
(Fig. 5.3) [15, 22, 29]. CTA-SI subtraction maps,
obtained by co-registration and subtraction of the
unenhanced head CT from the CTA source images,
are particularly appealing for clinical use because –
unlike quantitative first-pass CT perfusion maps –
they provide whole brain coverage. Rapid, conven-
ient co-registration/subtraction software is now
commercially available on multiple platforms, allow-
ing generation of these maps outside of the research
arena [106, 107]. Subtraction maps, despite the im-
proved conspicuity of blood volume lesions, may be
limited by increased image noise [27]. A pilot study
from our group of 20 consecutive patients with MCA
stem occlusion who underwent i.a. thrombolysis
following imaging demonstrated that CTA-SI and
CTA-SI subtraction maps improve infarct conspicu-

Table 5.5. Pitfalls of CTP acquisition and post-processing

Failure to minimize or correct for motion 
during the cine CTP acquisition

Failure to continue cine CTP acquisition 
for at least 45–60 s to ensure return to baseline 
of venous enhancement

Failure to include a major intracranial artery 
in the CTP acquisition

Inappropriate arterial ROI selection, including use 
of an in-plane or obliquely oriented artery

Inappropriate venous ROI selection,
including incorporation of the inner table 
of the skull into the ROI

Failure to truncate the time density curve 
to avoid incorporating recirculation 
of contrast into the CTP calculations
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ity over that of unenhanced CT in patients with hy-
peracute stroke. True reduction in blood pool (as re-
flected by CTA-SI subtraction), rather than an in-
crease in tissue edema (as reflected by unenhanced
CT), may explain much of the improved infarct de-
lineation in CTA-SI imaging. Concurrent review of
unenhanced CT, CTA-SI, and CTA-SI subtraction
images may be indicated for optimal CT assessment
of hyperacute MCA stroke.

In another study, CTA-SI preceding DWI imaging
was performed in 48 consecutive patients with clini-
cally suspected stroke, presenting within 12 h of
symptom onset (42 patients within 6 h) [26]. CTA-SI

and DWI lesion volumes were independent predic-
tors of final infarct volume, and overall sensitivity
and specificity for parenchymal stroke detection
were 76% and 90% for CTA-SI, and 100% and 100%
for DWI, respectively.When cases with an initial DWI
lesion volume <15 ml (small lacunar and distal in-
farctions) were excluded from analysis, CTA-SI sensi-
tivity and specificity increased to 95% and 100%,
respectively. Although DWI is more sensitive than
CTA-SI for parenchymal stroke detection of small
lesions (Fig. 5.4), both DWI and CTA-SI are highly
accurate predictors of final infarct volume. DWI
tends to underestimate final infarct size, whereas

Figure 5.2

An infarct in the left middle
cerebral artery (MCA) distribu-
tion is more conspicuous on the
CT angiography source image
(CTA-SI) (top right, arrows) than
the unenhanced CT (top left)
performed in the acute setting.
Subsequent diffusion-weighted
image (DWI, bottom left) and un-
enhanced CT (bottom right) con-
firm the territory of infarction
seen on CTA-SI
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CTA-SI more closely approximates final infarct size,
despite the bias towards DWI being obtained after
the CTA-SI in this cohort of patients with unknown
recanalization status.

Finally, it is noteworthy that, as with DWI, not
every acute CTA-SI hypodense ischemic lesion is des-
tined to infarct [108, 109]. In the presence of early
complete recanalization, sometimes dramatic spar-
ing of regions with reduced blood pool on CTA-SI
can occur (Fig. 5.5). This suggests that, as with CBV,

CBF, and DWI, time-dependent thresholds exist for
distinguishing viable from nonviable CTA-SI (or
CTA-SI subtraction) ischemia. Hunter et al. [110]
studied the normalized blood volume on CTA-SI
from 28 acute stroke patients at the very thin bound-
ary between infarcted and spared tissue. They found
that the probability of infarction in the core, inner
boundary, and outer boundary were 0.99, 0.96, and
0.11 respectively, supporting the concept that CTA-SI
thresholds predictive of tissue outcome exist [110].

Figure 5.3

Unenhanced, CTA-SI, and CTA-SI
subtraction images demon-
strate the value of the CTA-SI
and CTA-SI subtraction images
in improving conspicuity of
acute stroke. The infarct is most
obvious on the subtraction im-
age, although the contrast-to-
noise ratio is increased on these
images as well. Figure courtesy
Integrated Medical Image Pro-
cessing Systems (IMIPS)
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Figure 5.4

A “false-negative” CTA-SI due to
early imaging of a small infarct,
retrospectively seen to be pres-
ent on both the unenhanced CT
and CTA-SI. It is noteworthy that
the DWI lesion, although clearly
more conspicuous, was imaged
at a much later time point. Top
row: unenhanced CT and CTA-SI
at 3.5 h. Bottom row: DWI at 11 h
and follow-up unenhanced CT
at 33 h

Figure 5.5

Reversal of CTA-SI abnormality. A
patient with a right M1 thrombus
who had complete recanaliza-
tion after 90 min following intra-
arterial (i.a.) thrombolysis. There
is a large MCA territory blood
pool deficit on the CTA-SI (left, ar-
rows), but only a small deep gray
lenticular hypodensity on the
post-lysis unenhanced CT (right).
Late follow-up showed lenticular
infarct with minimal, patchy, in-
complete infarction in other por-
tions of the MCA territory. (Cour-
tesy of Jeffrey Farkas, MD)
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5.9 CTP Interpretation:
Ischemic Penumbra and Infarct Core

An important goal of advanced stroke imaging is to
provide an assessment of ischemic tissue viability
that transcends an arbitrary “clock-time” [111–113].
The original theory of penumbra stems from experi-
mental studies in which two thresholds were charac-
terized [114]. One threshold identified a CBF value
below which there was cessation of cortical function,
without an increase in extracellular potassium or
reduction in pH. A second, lower threshold identified
a CBF value below which there was disruption of
cellular integrity. With the advent of advanced
neuroimaging and modern stroke therapy, a more
clinically relevant “operationally defined penumbra”

– that identifies hypoperfused but potentially sal-
vageable tissue – has gained acceptance [111, 115–
117].

Ischemic Penumbra. Cine single-slab CT perfusion
imaging, which can provide quantitative maps of
CBF, CBV, and MTT, has the potential to describe
regions of “ischemic penumbra” – ischemic but still
viable tissue. In the simplest terms, the “operational-
ly defined penumbra” is the volume of tissue con-
tained within the region of CBF–CBV mismatch on
CTP maps, where the region of CBV abnormality
represents the “core” of infarcted tissue and the
CBF–CBV mismatch represents the surrounding re-
gion of tissue that is hypoperfused but salvageable
(Figs. 5.6–5.8). The few papers that have investigated
the role of CTP in acute stroke triage have typically

Figure 5.6 (continued)

A 65-year-old man, improving
clinically at 5 h post-ictus, was
monitored in the Neurology ICU
based on his labile blood pres-
sure, a fixed left M2 occlusion on
CTA, and a significant core/pen-
umbra mismatch on CTP/MRP.
His 24-h follow-up DWI showed
a small infarction. However, 24 h
after cessation of hypertensive
therapy there was infarct
growth into the region of pen-
umbra. From top to bottom: ad-
mission CTA,CTP [cerebral blood
volume (CBV), cerebral blood
flow (CBF) and mean transit time
(MTT)] at 4.5 h, MR-PWI (CBV/
CBF/MTT) at 5.25 h, DWI at 24 h,
and follow-up DWI at 48 h. The
CTP and MR-PWI demonstrate a
mismatch between the CBV (no
abnormality) and the CBF/MTT
penumbra (arrows). After cessa-
tion of hypertensive therapy,
the DWI abnormality grows into
the region predicted by the CBF/
MTT maps
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assumed predefined threshold values for “core” and
“penumbra” based on human and animal studies
from the PET, MR, SPECT, or xenon literature, and
determined the accuracy of these in predicting out-
come [48]. By assuming cutoff values of ≥34% reduc-
tion from baseline CT-CBF for penumbra and
≤2.5 ml/100 g CT-CBV for core,Wintermark et al. [48]
found good correlation between DWI and CT-CBV
infarct core (r=0.698) and the MR-MTT and CT-CBF
ischemic penumbra (r=0.946). Of note, the CT-CBV
maps suffer from decreased signal-to-noise relative
to CT-CBF maps, suggesting that the interpretation 
of CBV maps may benefit from a semiautomated
thresholding approach to segmentation to more ac-
curately gauge the size of infarct [76]. The interpreta-

tion of CTP in the setting of acute stroke is summa-
rized in Table 5.6.

CT-CBF–CBV mismatch correlates significantly
with lesion enlargement. Untreated or unsuccessfully
treated patients with large CBF–CBV mismatch ex-
hibit substantial lesion growth on follow-up, whereas
those patients without significant mismatch – or
those with early, complete recanalization – do not ex-
hibit lesion progression of their admission CTA-SI
lesion volume (Figs. 5.6–5.8). CTP-defined mismatch
might therefore serve as a marker of salvageable tis-
sue, and thus prove useful in patient triage for throm-
bolysis [118]. This result clearly has implications for
the utility of a CTP-based model for predicting out-
come in patients without robust recanalization. Sim-

Figure 5.7

CBF, CBV, MTT, initial unenhanced
CT, and follow-up unenhanced CT
in a patient with left hemiparesis.
The absence of a significant
CBF/CBV mismatch suggests no
tissue at risk, and the final infarct
volume seen on the follow-up CT
closely matches the initial CBV
abnormality. The MTT abnormali-
ty overestimates the tissue at risk
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ilarly, in an earlier pilot study of CTP imaging, ulti-
mate infarct size was most strongly correlated with
CT-CBF lesion size in 14 embolic stroke patients
without robust recanalization [119], again demon-
strating the importance of this mismatch region as
tissue at risk for infarction.

Several studies of MR-PWI suggest that CBF maps
are superior to MTT maps for distinguishing viable
from nonviable penumbra [120–122]. The reason for
this relates to the fact that MTT maps display circula-
tory derangements that do not necessarily reflect
ischemic change, including large vessel occlusions
with compensatory collateralization (Fig. 5.9) and re-
perfusion hyperemia following revascularization
(Fig. 5.10).

Refinements of the Traditional Penumbra Model.
The “operationally defined penumbra,” however,
oversimplifies reality, as not all tissue contained with-
in the operationally defined penumbra is destined to
infarct. There is a region of “benign oligemia” con-
tained within the region of the CBV–CBF mismatch
that is not expected to infarct even in the absence of
reperfusion. This refinement of the traditional mod-
el has important clinical implications, since treat-
ment regimens that are based on an overestimated
volume of tissue at risk will likely be too aggressive,
exposing the patient to the risks and complications of
treatment for tissue that would not likely have pro-
ceeded to infarct even without intervention. Few
studies have reported specific CBF thresholds for dis-
tinguishing penumbra likely to infarct in the absence
of early recanalization (nonviable penumbra) from
penumbra likely to survive despite persistent vascu-
lar occlusion (viable penumbra) [120, 122]. Fewer

still have addressed this problem using CTP. Previous
work from our group and others has: (1) detected a
significant difference between the MR-CBF thresh-
olds for penumbra likely to infarct and penumbra
likely to remain viable [120, 122], and (2) also re-
vealed a good correlation between MR and CT perfu-
sion parameter values [58, 96–98, 123].

In a pilot study of CTP thresholds for infarction,
we found that normalized, or relative CBF is the most
robust parameter for distinguishing viable from non-
viable penumbra. All regions with a less than 56%
reduction in mean CBF survived whereas all regions
with a greater than 68% reduction in mean CBF in-
farcted. In rough approximation, therefore, CT-CBF
penumbra with less than one-half reduction from
baseline values has a high probability of survival,
whereas penumbra with a greater than two-thirds
reduction from baseline values has a high probability
of infarction. No region with a mean relative CBV less
than 0.68, absolute CBF less than 12.7 ml · 100 g–1

· min–1, or absolute CBV less than 2.2 ml · 100 g–1 sur-
vived. The latter compares well with the CBV thresh-
old of 2.5 ml · 100 g–1 selected by Wintermark et al.
[48] to define “core.” Because of differences in CBV
and CBF between gray and white matter (Table 5.4), it
is essential for the contralateral ROI used for normal-
ization to have the same gray matter/white matter ra-
tio as the ipsilateral ischemic region under study.
Moreover, a number of studies suggest that, due to
different cellular populations, gray and white matter
may respond differently to ischemic injury.

There is little literature addressing perfusion
thresholds in patients undergoing i.a. recanalization
procedures [124]. Our results of mean relative CBF
thresholds of 0.19 for core, 0.34 for nonviable penum-
bra, and 0.46 for viable penumbra are in general
agreement with those of a SPECT study of patients
with complete recanalization following i.a. thrombol-
ysis. Pre-treatment SPECT showed CBF>55% of cere-
bellar flow in viable penumbra, even with treatment
initiated 6 h after symptom onset [125]. Ischemic tis-
sue with CBF >35% of cerebellar flow may remain
salvageable if recanalization is achieved in under 5 h.
Our results for mean relative CBF thresholds are also
in agreement with SPECT and MR studies performed
in patients who received other stroke therapies [120,
126–128].

Table 5.6. Summary of CTP interpretation

CBV, CBF match
No treatment regardless of lesion size

Large CBV, larger CBF
Possible treatment based on time post ictus, size
Consider no treatment if CBV >100 ml

Small CBV, larger CBF
Typically a good candidate for treatment
Consider no treatment if prolonged time-post-ictus
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Figure 5.8

A 77-year-old bartender presenting with a left facial droop.Subtle changes of the insula and right lentiform nucleus were
seen on initial unenhanced CT, and CTA revealed acute occlusion of the right M1 segment.The infarct is more conspicu-
ous on CTA-SI, and CTP demonstrates an ischemic penumbra involving the entire right MCA territory, consistent 
with a large territory at risk for subsequent infarction. Successful i.a. thrombolysis at 3 h was performed. Follow-up DWI
showed an infarct limited to the initial CTA-SI abnormality. Top row: initial unenhanced CT and CTA. Second row: CTA-SI.
Third row: CTP (CBV/CBF/MTT).
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Figure 5.8 (continued)

Fourth row: follow-up DWI 
at 36 h

Figure 5.9

Perfusion abnormalities associat-
ed with a left internal carotid ar-
tery (ICA) dissection at the skull
base. Despite the MTT abnormali-
ty that might have been mistaken
for ischemic penumbra, follow-
up unenhanced CT shows no evi-
dence of infarction.The prolonged
MTT was related to collateral flow
necessitated by the ICA dissection.
Top row: CBV, CBF, and MTT reveals
prolonged MTT in the left he-
misphere (arrows). Bottom row:
curved reformat from a CTA shows
the site of dissection (arrow)
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Figure 5.10

CTP was performed 3 h following left carotid endarterectomy (CEA) showing reperfusion hyperemia. Top row: CTA shows
preserved flow in the left carotid artery at the site of CEA. Bottom row: CBV/CBF/MTT shows increased CBF and shortened
MTT on the left, consistent with reperfusion hyperemia
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5.10 Imaging Predictors of Clinical Outcome

Predicting outcome is perilous. The penumbra is
dynamic, and several factors influence its fate, in-
cluding time post-ictus, residual and collateral blood
flow, admission glucose, temperature, hematocrit,
systolic blood pressure, and treatment, including
hyperoxia [129]. As already mentioned, CTA/CTP 
has the potential to serve as a surrogate marker of
stroke severity, likely exceeding the NIHSS score or
ASPECTS as a predictor of outcome [26, 50–57].

Infarct Core and Clinical Outcome. As noted earlier,
measuring the penumbra is technically challenging.
Flow thresholds for various states of tissue perfusion
vary considerably among studies and techniques ap-
plied [130]. Despite this, a number of consistent mes-
sages emerge from a review of the literature regard-
ing imaging outcome prediction in acute ischemic
stroke. The most important of these messages is that
“core” is crucial. Multiple studies, examining hetero-
geneous cohorts of patients receiving varied treat-
ments, consistently find that ultimate clinical out-
come is strongly correlated with admission “core”
lesion volume – be it measured by DWI, CT-CBV,
subthreshold xenon CT-CBF, or unenhanced CT
[131–135]. One of these studies is especially notewor-
thy, because results were stratified by degree of re-
canalization at 24 h. This study revealed “that 2 fac-
tors mainly influenced clinical outcome: (1) recanal-
ization (P=0.0001) and (2) day-0 DWI lesion volume
(P=0.03)” [136]. In a study of CTP in patients with
MCA stem occlusions, patients with admission
whole-brain CT perfusion lesions volumes >100 ml
(equal to approximately one-third the volume of the
MCA territory) had poor clinical outcomes, regard-
less of recanalization status. Moreover, in those pa-
tients from the same cohort who had early complete
MCA recanalization, final infarct volume was closely
approximated by the size of the initial whole-brain
CT perfusion lesion [36].

Risk of Hemorrhage. The degree of early CBF reduc-
tion in acute stroke may also help predict hemor-
rhagic risk. Preliminary results from our group sug-

gest that severe hypoattenuation, relative to normal
tissue, on whole-brain CTP images, may also identify
ischemic regions more likely to bleed following i.a.
thrombolysis [45]. In a SPECT study of 30 patients
who had complete recanalization within 12 h of stoke
onset, those with less than 35% of normal cerebellar
flow at infarct core were at a significantly higher risk
for hemorrhage [125]. Indeed, multiple studies have
suggested that severely ischemic regions with early
reperfusion are at the highest risk for hemorrhagic
transformation [133, 137]. Of note, there is a sugges-
tion that the presence of punctate microhemorrhage
is correlated with the risk of hemorrhagic trans-
formation; these small foci of hemorrhage are seen
on gradient echo (susceptibility-weighted) MR se-
quences and are not visible on unenhanced CT [138].
It remains to be seen, however, whether these mi-
crobleeds will serve as a contraindication to throm-
bolytic therapy.

5.11 Experimental Applications 
of CTP in Stroke

The additional information about capillary-level
hemodynamics afforded by CTP could be particular-
ly important in future clinical trials of acute stroke
therapy, in which CTP could refine the selection of
subjects to include only those patients most likely to
benefit from treatment; this imaging-guided patient
selection may help to demonstrate beneficial effects
that would be obscured if patients without salvage-
able tissue were included. CTA combined with CTP
could be used to identify patients with proximal large
vessel occlusive thrombus, who are the most appro-
priate candidates for i.a. treatment [14, 29, 139]. The
ability of perfusion imaging to quantitatively deter-
mine ischemic brain regions that are viable but at risk
for infarction if blood flow is not quickly restored –
so called ischemic penumbra – might provide a more
rational basis for establishing the maximum safe time
window for administering thrombolytic agents than
the current, arbitrary cutoffs of 3 h post-ictus for i.v.
and 6 h post-ictus for i.a. thrombolysis [50, 140]
(Table 5.6). MRP has already been used to support
extending the therapeutic time window in a subset 
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of patients with a DWI–MR-PWI mismatch: the DIAS
trial of patients with an NIHSS of 4–20 and an MR
diffusion–perfusion mismatch (where the perfusion
abnormality was defined using MTT) showed signif-
icantly improved rates of reperfusion and clinical
outcome when i.v. desmoteplase was administered
between 3 and 9 h of ictus onset in an escalating dose
range of 62–125 mg/kg [101]. CTP could serve a simi-
lar role in rationally extending the therapeutic time
window for stroke intervention.

Despite a multitude of animal studies that have
demonstrated a benefit from neuroprotective agents,
the only therapy proven in humans to improve out-
come has been thrombolysis (both i.v. and i.a.) [2, 3,
140]. There is growing literature positing that is-
chemic, potentially salvageable “penumbral” tissue is
an ideal target for neuroprotective agents [55, 111,
141], suggesting that CTP or other perfusion tech-
niques may be suited to selection of patients in trials
of these agents. Kidwell and Warach [142] argue that
enrollment in clinical trials should require a defini-
tive diagnosis of stroke, confirmed by imaging and
lab studies.

5.12 Conclusion

As new treatments are developed for stroke, the
potential clinical applications of CTP imaging in the
diagnosis, triage, and therapeutic monitoring of
these diseases are certain to increase.

Technical advances in scanner hardware and soft-
ware will no doubt continue to increase the speed,
coverage, and resolution of CTP imaging. CTP offers
the promise of efficient utilization of imaging re-
sources, and, potentially, of decreased morbidity.
Most importantly, current CT technology already
permits the incorporation of CTP as part of an all-in-
one acute stroke examination to quickly and accu-
rately answer the four fundamental questions of
stroke triage, further increasing the contribution of
imaging to the diagnosis and treatment of acute
stroke.
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Stroke can be evaluated with both conventional MRI
and MR angiography (MRA) sequences. The first sec-
tion of this chapter discusses the appearance of
stroke on conventional MR sequences (i.e., not diffu-
sion or perfusion), while the second section discuss-
es MRA and its role in evaluating stroke etiologies.

6.1 Conventional MRI and Stroke

Strokes have a characteristic appearance on conven-
tional MRI that varies with infarct age. Temporal evo-
lution of strokes is typically categorized into hypera-
cute (0–6 h), acute (6–24 h), subacute (24 h to approx-
imately 2 weeks), and chronic stroke (>2 weeks old).

6.1.1 Hyperacute Infarct

In the hyperacute stage of infarct, there is occlusion
or slow flow in the vessels supplying the area of in-
farcted tissue. Within minutes of the infarct, the sig-
nal flow void on T2-weighted images is lost (Fig. 6.1).
FLAIR (fluid attenuated inversion recovery), an in-
version recovery sequence that suppresses the CSF
signal, can show high intravascular signal against the
surrounding low-signal subarachnoid space [1]
(Fig. 6.2). In one study, 65% of infarcts <6 h old
showed a FLAIR high signal within vessels, and, in
some cases, the finding of a FLAIR high signal in ves-
sels preceded changes in the diffusion-weighted im-
ages [2].

Gradient recalled echo (GRE) T2*-weighted im-
ages can detect an intraluminal thrombus (deoxyhe-
moglobin) in hyperacute infarcts as a linear low sig-
nal region of magnetic susceptibility (Fig. 6.2). In one
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study of 30 patients with MCA thrombus, gradient
echo had 83% sensitivity in detecting the thrombus,
compared with 52% sensitivity for noncontrast CT in
detecting a dense MCA sign [3].

Contrast-enhanced T1-weighted images show ar-
terial enhancement in 50% of hyperacute strokes [1]
(Fig. 6.3). This arterial enhancement is thought to be
secondary to slow flow, collateral flow or hyperperfu-

sion following early recanalization. It may be detect-
ed as early as 2 h after stroke onset and can persist for
up to 7 days. During this period, there is usually no
parenchymal enhancement because inadequate col-
lateral circulation prevents contrast from reaching
the infarcted tissue. Rarely, early parenchymal en-
hancement may occur when there is early reperfu-
sion or good collateralization.

Fig. 6.1 a, b

Basilar occlusion. a The T2-
weighted image shows loss of
the signal flow void in the basilar
artery in this patient with basilar
occlusion and hyperacute pon-
tine infarct. No parenchymal ab-
normality is noted at this early
time point. b Coronal maximal
intensity projection (MIP) image
from the CT angiogram demon-
strates the occlusion as a filling
defect (arrow)

a b

Fig. 6.2 a–c

Left middle cerebral artery (MCA) thrombus. The left MCA shows high signal from an intraluminal clot on FLAIR-weight-
ed images (a) but low signal on gradient recalled echo (GRE) T2*-weighted images (b).This corresponds to a filling defect
(arrow) on CT angiogram (c). A subtle FLAIR high signal is present at the left insula

a b c
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In the hyperacute period (first 6 h), there is shift of
water from the extracellular to the intracellular space
but there may be little increase in overall tissue water.
Therefore, while the development of altered signal in-
tensity on FLAIR- or T2-weighted images may occur
as early as 2–3 h after stroke onset, conventional MRI
is not sensitive enough for evaluation of infarcts in
the hyperacute stage; one study found an 18% sensi-
tivity of T2-weighted images in detecting infarct in
the first 6 h and a false-negative rate of 30–50% [4].
FLAIR-weighted sequences are slightly more sensi-
tive than T2-weighted images in the detection of
parenchymal changes in acute infarcts but have an
estimated sensitivity of only 29% in the first 6 h [5].

6.1.2 Acute Infarct

By 24 h, as the overall tissue water content increases
due to vasogenic edema following blood–brain barri-
er disruption, conventional MRI becomes more sen-
sitive for the detection of parenchymal infarcts. Sig-
nal changes during the first 24 h are best appreciated

in the cortical and deep gray matter. Infarcts in the
acute stage usually demonstrate focal or confluent
areas of T2 and FLAIR hyperintensity with sulcal
effacement. During this time, the white matter may
be hyperintense, but also may show no abnormality
or demonstrate hypointensity. Proposed etiologies
for the subcortical white matter hypointensity are
free radicals, sludging of deoxygenated red blood
cells, and iron deposition [6]. Because cerebrospinal
fluid (CSF) is hypointense, FLAIR has improved de-
tection of small infarctions in brain parenchyma,
such as cortex and periventricular white matter,
adjacent to CSF. By 24 h, T2-weighted and FLAIR-
weighted images detect 90% of infarcts [1]. An in-
crease in tissue water also leads to hypointensity on 
T1-weighted images. However, in the acute period,
T1-weighted images are relatively insensitive at de-
tecting parenchymal changes compared with T2-
weighted images. At 24 h, sensitivity is still only ap-
proximately 50%.

6.1.3 Subacute Infarct

In the subacute phase of infarct (1 day to 2 weeks), the
increase in vasogenic edema results in increased T2
and FLAIR hyperintensity, increased T1 hypointensi-
ty, and better definition of the infarction and swelling
(Fig. 6.4). The brain swelling is manifest as gyral
thickening, effacement of sulci and cisterns, efface-
ment of adjacent ventricles, midline shift, and brain
herniation.The swelling reaches a maximum at about
3 days and resolves by 7–10 days [7]. There is in-
creased T2 and FLAIR signal within the first week
that usually persists but there may be “MR fogging”
[8]. MR fogging occurs when the infarcted tissue be-
comes difficult to see because it has developed a sig-
nal intensity similar to that of normal tissue. This is
thought to result from infiltration of the infarcted tis-
sue by inflammatory cells. One study of 7- to 10-day-
old strokes identified 88% of subacute strokes on 
T2-weighted images, and another determined that
T2- and FLAIR-weighted images were equally sensi-
tive at detecting 10-day-old infarcts [7].

In the subacute phase, arterial enhancement peaks
at 1–3 days. Large infarcts will also demonstrate
meningeal enhancement that may represent reactive

Figure 6.3

Arterial enhancement from infarct. T1-weighted post-
contrast image shows increased enhancement of the
left middle cerebral artery (MCA) vessels in this hypera-
cute infarct
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hyperemia, which peaks at 2–6 days. Arterial and
meningeal enhancement both typically resolve by
1 week [9]. In addition, parenchymal enhancement
occurs during this phase. Gray matter enhancement
can appear band-like or gyriform (Fig. 6.5). This is
secondary to disruption of the blood–brain barrier
and restored tissue perfusion from a recanalized
occlusion or collateral flow. This parenchymal en-
hancement may be visible at 2–3 days but is consis-
tently present at 6 days and persists for 6–8 weeks [9].
Some infarcts, such as watershed and noncortical
infarcts, may enhance earlier.

6.1.4 Chronic Infarcts

After 2 weeks, the mass effect and edema within in-
farcts decrease and the parenchyma develops tissue
loss and gliosis. During this time, parenchymal en-
hancement peaks at 1–4 weeks and then gradually
fades [9]. The chronic stage of infarction is well es-

Fig. 6.4 a, b

Cortical edema in a subacute infarct. a The axial FLAIR-weighted image shows high signal, gyral swelling, and sulcal
effacement. b There is subtle low signal and gyral swelling (arrow) seen on the T1-weighted sagittal image

a b

Figure 6.5

Enhancing infarcts. Postcontrast T1-weighted image
shows gyriform enhancement at the left insula and
posterior parietal lobe from a subacute left MCA infarct
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tablished by 6 weeks.At this point, necrotic tissue and
edema are resorbed, the gliotic reaction is complete,
the blood–brain barrier is intact, and reperfusion is
established [9]. There is no longer parenchymal,
meningeal or vascular enhancement, and the vessels
are no longer hyperintense on FLAIR images. There
is tissue loss with ventricular, sulcal, and cisternal
enlargement. There is increased T2 hyperintensity
and T1 hypointensity due to increased water content
associated with cystic cavitation. With large middle
cerebral artery (MCA) territory infarctions, there is
Wallerian degeneration, characterized by T2 hyper-
intensity and tissue loss, of the ipsilateral cortical
spinal tract [10] (Fig. 6.6).

Chronic infarcts can demonstrate peripheral gyri-
form T1 high signal from petechial hemorrhage or
from laminar necrosis [11] (Fig. 6.7).

6.1.5 Hemorrhagic Transformation

Hemorrhagic transformation (HT) of brain infarc-
tion represents secondary bleeding into ischemic tis-
sue, varying from small petechiae to parenchymal
hematoma. It has a natural incidence of 15% to 26%
during the first 2 weeks and up to 43% over the first
month after cerebral infarction [12, 13]. Predisposing
factors include stroke etiology (HT is more frequent
with embolic strokes), reperfusion, good collateral
circulation, hypertension, anticoagulant therapy, and
thrombolytic therapy. In patients treated with intra-
arterial (i.a.) thrombolytic therapy, a higher National
Institutes of Health Stroke Scale (NIHSS) score,
longer time to recanalization, lower platelet count
and a higher glucose level are associated with HT
[14].

Figure 6.6

Wallerian degeneration. Coronal T2-weighted image
shows encephalomalacia of the right frontal and tem-
poral lobes and T2 high signal extending into the right
cerebral peduncle (arrow) from Wallerian degeneration

Figure 6.7

Laminar necrosis. This sagittal noncontrast T1-weight-
ed image shows gyriform T1 high signal in a chronic left
MCA infarct. Mild enlargement of the sulci is consistent
with encephalomalacia
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Because T1-, T2-, and FLAIR-weighted images are
insensitive at detecting acute blood products (deoxy-
hemoglobin), GRE T2* sequences should be used to
detect hemorrhage in the acute stroke setting
(Fig. 6.8). GRE T2* sequences have increased sensi-
tivity to blood breakdown products due to their para-
magnetic properties. One study demonstrated GRE
images to be as sensitive as CT at detecting par-
enchymal hemorrhage in acute strokes [15]. Another
study observed that in detecting acute blood prod-
ucts, GRE T2*-weighted images were more sensitive
than T2-, FLAIR-, or echo planar T2-weighted images
[16]. Some data suggest that microbleeds detected by
susceptibility predict symptomatic hemorrhage fol-
lowing tissue plasminogen activator (t-PA) treatment
[17].

As blood products evolve into methemoglobin,
T1-weighted sequences become more sensitive at
detecting blood products [18]. Chronic hemorrhages

are best detected on GRE T2* images as areas of sus-
ceptibility (Fig. 6.9).

6.1.6 Conclusion

Conventional MRI can diagnose infarcts at all stages
of temporal evolution but are most sensitive after the
hyperacute stage (see Table 6.1). During the hypera-
cute stage, the predominant findings are loss of flow
voids on T2-weighted images, FLAIR hyperintensity
in affected vessels, and vascular enhancement. In the
acute to chronic stage, FLAIR and T2 parenchymal
abnormalities are evident and Wallerian degenera-
tion develops. The subacute stage is also marked by
parenchymal swelling followed by parenchymal
enhancement. The detection of acute hemorrhagic
infarct requires the use of a T2* GRE susceptibility
sequence since other conventional MRI sequences
are not sensitive enough for acute bleeds.

Figure 6.8

Petechial hemorrhage. Gyriform low signal in the right
frontal lobe (arrow) on this GRE T2* image corresponds
to susceptibility from petechial hemorrhage in an acute
infarct

Figure 6.9

Hemosiderin in chronic infarct.The low signal from the
gyriform on this GRE T2*-weighted image at the right
frontal lobe is from hemosiderin in an old petechial
bleed
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6.2 MR Angiogram and Stroke

Magnetic resonance angiography (MRA) is a set of
vascular imaging techniques capable of depicting the
extracranial and intracranial circulation. In the set-
ting of acute stroke, these techniques are useful for
determining stroke etiology and assessing vascular

flow dynamics. Specifically, they are used to evaluate
the severity of stenosis or occlusion as well as collat-
eral flow. A typical stroke protocol includes two-di-
mensional (2D) and/or three-dimensional (3D) time-
of-flight (TOF) and contrast-enhanced MRA images
through the neck and 3D TOF MRA images through
the Circle of Willis. For dissection, a fat saturated pre-
gadolinium axial T1 sequence through the neck is

Table 6.1. The appearance of arterial infarcts on conventional MRI

Stage Conventional MR appearance Evolution

Hyperacute T2 shows loss of signal flow void Occurs within minutes of the infarct
(0–6 h) FLAIR shows vessel high signal Occurs within minutes of the infarct

GRE T2* shows blooming susceptibility Occurs within minutes of the infarct

T1 post-contrast shows arterial enhancement Occurs at 2 hours and can last 7 days

There are no reliable parenchymal findings 
for infarct at this stage

Acute Vascular abnormalities from the hyperacute 
(6–24 hours) stage persist

T2 and FLAIR show gyriform high signal Appears by 24 h (90% sensitivity)
and sulcal effacement

T2 can show subcortical low signal

GRE T2* show gyriform susceptibility Can occur at any time in the acute 
from petechial bleed to subacute stage

No parenchymal enhancement is present

Subacute T2 and FLAIR show gyriform high signal Reaches a maximum at 3–5 days 
(1 day to 2 weeks) and sulcal effacement from mass effect and decreases by 1 week. Rarely,

“MR fogging” appears at 2 weeks

T1 can show gyriform high signal Appears once methemoglobin develops
from petechial bleed

T1 post-contrast shows arterial enhancement Peaks at 1–3 days and resolves by 1 week

T1 post-contrast shows meningeal enhancement Peaks at 2–6 days and resolves by 1 week

T1 post-contrast show parenchymal enhancement Can be seen at 2–3 days, consistently seen 
as vessels recanalize at 6 days and persists for 6–8 weeks

Chronic T2 shows high signal from gliosis Persists indefinitely
and Wallerian degeneration

Volume loss is present Persists indefinitely

T1 shows low signal from cavitation Persists indefinitely

GRE T2* shows low signal hemosiderin Persists indefinitely
from petechial bleeds
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added. This section discusses the major MRA tech-
niques, including the advantages and disadvantages
of each, as well as how MRA is used to evaluate the
specific disease processes that lead to stroke.

6.2.1 Noncontrast MRA

MRA is broadly divided into noncontrast and con-
trast-enhanced techniques. Noncontrast MRA can be
acquired with phase contrast (PC) or TOF tech-
niques, and both can be acquired as 2D slabs or 3D
volumes.

6.2.1.1 TOF MRA

TOF MRA is a gradient echo sequence that depicts
vascular flow by repeatedly applying a radio frequen-
cy (RF) pulse to a volume of tissue, followed by de-
phasing and rephasing gradients. Stationary tissues
in this volume become saturated by the repeated RF
pulses and have relatively low signal. By contrast,
flowing blood in vessels has relatively increased sig-
nal because it continuously carries unsaturated spins
into the imaging volume. The vessel contrast or flow-
related enhancement is proportional to the velocity.
Signal from venous blood is minimized by placing a
saturation band above the imaging volume [19].

Two-dimensional TOF MRA is typically per-
formed in the neck region with a relatively large flip
angle (60°). Multiple sequential, 1-mm-thick axial
slices are obtained. Blood flowing perpendicular to
the multiple thin slices is well imaged because it is not
exposed to enough RF pulses to become saturated.
However, blood flowing in the imaging plane (in-
plane flow) is exposed to more RF pulses and may
become saturated and lose signal; this artifact can
often be seen at the horizontal turns of the vertebral
arteries as well as the petrous segments of the inter-
nal carotid arteries (Fig. 6.10) [19].

Three-dimensional TOF MRA is typically per-
formed in the head region with a smaller flip angle
(20°). A volume of tissue covering the skull base to 
the Circle of Willis is obtained and then divided into
1-mm-thick slices using an additional phase encod-
ing step [20]. While the smaller flip angle reduces
saturation artifacts, any flowing blood that remains

in the imaging volume for long enough is exposed to
multiple RF pulses and can artifactually lose signal.
This signal loss is usually seen in the distal Circle of
Willis vessels (Fig. 6.11). The smaller flip angle also
decreases the background saturation. Typically, a
ramped flip angle is used to minimize vascular satu-
ration effects while maximizing the suppression of
the background signal. Magnetization transfer is
additionally applied in 3D TOF MRA to further
decrease the background signal.

Compared with 2D TOF, the 3D TOF technique has
better spatial resolution,a better signal-to-noise ratio
and less intravoxel dephasing, but it is more limited
by the vascular saturation artifact and therefore can
cover only a small volume. A hybrid technique be-
tween 2D and 3D TOF known as MOTSA (multiple
overlapping thin slab acquisition) acquires partially
overlapping thin 3D volumes. The ends of the 3D vol-
ume have saturation artifact and are discarded while

Fig. 6.10 a, b

Normal neck MRA. a MIP image of 2D TOF of the neck
shows artifactual signal loss at the horizontal turn of
the left vertebral artery (arrow). b This area has normal
flow on MIP images from the contrast-enhanced MRA.
The contrast-enhanced MRA gives excellent depiction
of the origins of the neck vessels

a b
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central portions are assembled into a single MRA.
MOTSA has higher spatial resolution than 2D TOF
while covering a larger area than 3D TOF MRA, be-
cause it is less susceptible to saturation artifact.

TOF MRA, especially 2D TOF, is also vulnerable to
artifactual signal loss from flow turbulence. This

causes phase dispersion so that the rephasing gradi-
ent is unable to generate a strong echo. This artifact
can be seen at vessel bifurcation points or distal to
stenoses and can result in overestimates of the degree
or length of vascular stenoses (Fig. 6.12).

Fig. 6.11 a, b

Normal 3D TOF MRA of the head. Segmented MIP images from a frontal (a) and lateral (b) projection show normal 
vessels with decreased flow-related enhancement in the distal anterior cerebral artery (ACA) (arrow in a) and distal MCA
vessels (arrows in b)

a b

Fig. 6.12 a–c

Internal carotid artery (ICA)
stenosis. a Time-of-flight (TOF)
MRA shows a segment of signal
loss at the proximal ICA. b The
length of this focal signal loss is
overestimated when compared
with contrast-enhanced MRA.
c This could represent stenosis
or occlusion, but was shown to
be a high-grade stenosis on CT
angiogram

a b c
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TOF MRA can have artifact from poor background
suppression. Signal from stationary tissues are in
theory suppressed with repeated RF pulses, but sub-
stances with a short T1, such as fat or methemoglobin
in hematomas, are not usually fully saturated. Conse-
quently, these substances demonstrate high signal on
TOF MRA and can mimic areas of flow or obscure

vessels (Fig. 6.13). This artifact can sometimes be
overcome by segmenting out areas of high signal, and
high fat signal can be reduced by setting the echo
time (TE) to 2.3 or 6.9 ms, to place fat and water out
of phase.

6.2.1.2 Phase-Contrast MRA

Phase-contrast MRA (PC MRA) is a gradient echo se-
quence that depicts blood flow by quantifying differ-
ences in the transverse magnetization between sta-
tionary and moving tissue [19]. Following a RF pulse,
pairs of symmetric but opposed phase encoding gra-
dients are applied in one direction within the imag-
ing volume; the first gradient dephases and the sec-
ond rephases the transverse magnetization. Station-
ary tissues have no net change in phase because they
experience equal but opposite magnetic field envi-
ronments during the dephasing and then the rephas-
ing gradients. Moving blood, however, experiences
different magnetic field environments as each gradi-
ent is applied. The spins in moving blood acquire a
phase shift during the dephasing pulse, which is not
completely reversed during the rephasing pulse. The
net phase shift, either positive or negative, deter-
mines direction of flow, and the amount of phase
shift (in degrees) is proportional to the velocity or
magnitude of blood flow.

PC MRA is acquired in three orthogonal direc-
tions, and the direction of flow is depicted as a rela-
tively high or low signal against a gray background
(Fig. 6.14). Orthogonal maps can also be combined to
form an overall flow-related enhancement map with-
out directionality. Like TOF MRA, PC MRA can be
obtained with 2D or 3D techniques. Clinically, PC
MRA is used to evaluate intracranial collateral flow
distal to a stenosis.

An artifact unique to PC MRA is that phase shifts
exceeding 180° are interpreted as slow flow in the op-
posite direction. This aliasing artifact leads to incor-
rect determination of flow direction. In order to
avoid this, a velocity encoding parameter (VENC) is
selected which represents the maximum expected
flow velocity in the imaging volume. This value ad-
justs the strength of the bipolar gradients to prevent
phase shifts from exceeding 180°.

Fig. 6.13 a, b

TOF MRA artifact. a Blood (methemoglobin) in the pre-
pontine cistern has high signal on the TOF MRA be-
cause the signal from substances with a short T1 is not
adequately suppressed. b On the MIP images, this high
signal obscures portions of the basilar artery and left
posterior cerebral artery

a

b
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PC MRA has several advantages over TOF MRA.As
mentioned above, PC MRA can demonstrate flow di-
rection. Also, since PC MRA shows only moving tis-
sues, stationary tissues with short T1 such as fat or
methemoglobin do not demonstrate high signal.
Another advantage is that PC MRA can image very
slowly moving blood since it does not suffer the satu-
ration effects of TOF imaging. Finally, PC MRA can
be obtained after i.v. gadolinium administration
without image degradation because PC MRA does
not rely on T1 values to generate the MRA image. Fol-
lowing contrast, TOF MRA is usually limited because
gadolinium shortens the T1 and veins become hyper-
intense.

The major disadvantage of PC MRA is that it uses
a longer TE than TOF MRA. This results in increased
intravoxel dephasing and signal loss around stenoses
and areas of turbulence. Also, 3D PC MRA has simi-
lar spatial resolution but is a longer sequence com-
pared to 3D TOF MRA and is therefore more suscep-
tible to motion artifacts. Consequently, 3D TOF MRA
is usually employed to image the head. However, if
there is concern that a subacute clot may mimic flow-
related enhancement, 3D PC MRA should be per-
formed. Also, because 3D TOF MRA cannot deter-
mine flow direction, 2D PC MRA (a much shorter se-
quence compared to 3D PC MRA) is frequently used
to assess collateral retrograde flow in the anterior or
posterior communicating arteries in association with
severe internal carotid artery (ICA) stenosis or to as-
sess retrograde flow in the basilar artery due to severe
stenosis.

In the neck, TOF techniques are preferred over PC
techniques due to the latter’s longer scan times,
which are needed to provide the same coverage and
spatial resolution. Two-dimensional TOF MRA pro-
vides superior flow-related enhancement and allows
coverage of the entire neck. Compared to 2D TOF
MRA, 3D TOF MRA provides superior spatial resolu-
tion and is less susceptible to phase dispersion arti-
facts, but it is more susceptible to saturation effects
and cannot cover a large area. Three-dimensional
TOF techniques are therefore used to delineate the bi-
furcation only. Two-dimensional PC techniques are
used to evaluate flow direction in the vertebral arter-
ies when subclavian steal is suspected. Also, since

Fig. 6.14 a, b

Normal and abnormal phase-contrast MRA (PC MRA) of
the circle of Willis. a Normal 2D PC MRA with direction
encoding in the right/left direction (vessel is bright if
flowing right to left and dark if flowing left to right).
Normally the signal in the A1 branch is opposite that in
the M1 branches. b Two-dimensional PC MRA from a 
4-year-old with severe stenosis in the left internal
carotid artery (ICA) shows retrograde flow in the left A1
(arrow) via the anterior communicating artery (ACoA).
The left A1 and M1 therefore have the same high signal

a

b
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compared to TOF, 2D PC techniques are more sensi-
tive to the detection of very slow flow, they can be
used to differentiate high-grade stenosis with a string
sign from occlusion.

6.2.2 Contrast-Enhanced MRA

Contrast-enhanced MRA (CE MRA) is performed
with a rapid, short repetition time (TR, 10 ms) gradi-
ent echo sequence following an i.v. bolus of gadolini-
um. The gadolinium shortens the T1 to less than
10 ms so that opacified vessels are hyperintense.
Background tissues, including normally T1-hyperin-
tense structures such as fat and methemoglobin in
hematomas, have low signal because they have in-
trinsic T1 relaxation times of much greater than
10 ms [19].

CE MRA is usually obtained from the arch to the
skull base in the coronal plane and is often obtained
with a first-pass technique (Fig. 6.10). This requires
obtaining the MRA during peak arterial enhance-
ment to avoid venous enhancement. The timing of
this arterial phase can be determined by a test bolus
or by automatic bolus detection. k-space is filled dur-
ing peak arterial enhancement in order to maximize
image contrast. Another technique known as time-
resolved CE MRA acquires the MRA and fills k-space
before, during, and after the arterial bolus. This does
not require synchronization of the MRA with the
injection. In theory, this technique can depict flow
dynamics but is limited by the trade-off between
temporal and spatial resolution [19].

CE MRA is a reliable modality to image neck ves-
sels but can have poor signal-to-noise ratio at the
edge of the imaging volume or have respiratory mo-
tion artifact. Respiratory motion artifact limits ade-
quate visualization of the major vessel origins off the
arch as well as the origins of the right common, right
subclavian, and bilateral vertebral arteries.

CE MRA has several advantages over noncontrast
MRA (i.e., PC and TOF MRA): CE MRA can cover a
much larger area of anatomy (from the arch to the
skull base) in a much shorter acquisition time and is
less susceptible to patient motion. CE MRA also has a
greater signal-to-noise ratio and less dephasing from
turbulence and does not suffer signal loss from satu-

ration effects. CE MRA images the contrast within a
vessel lumen and is therefore a more anatomic evalu-
ation, while noncontrast MRA depicts physiology,
and anatomy must be inferred from blood flow. This
can be misleading when a vessel is not seen on TOF
techniques due to reversal of flow or very slow flow
(Fig. 6.15).

The disadvantages of CE MRA compared to non-
contrast MRA is that the CE MRA data must be
obtained during the narrow time window of arterial
enhancement and cannot be repeated until the in-
travascular gadolinium agent is cleared. Thus im-
proper timing (scanning too early or late) results in
poor arterial enhancement and an inadequate study
that cannot immediately be repeated.Also, the spatial
resolution of CE techniques is inferior to that of TOF
techniques, and contrast MRA is also minimally inva-
sive as it typically requires a 20-ml power injection of
gadolinium contrast at 2 ml/s.

In clinical practice, CE MRA is routinely used to
image the great vessel origins and the neck. In gener-
al, it does not overestimate carotid bifurcation and
other stenoses as much as TOF techniques because it
is less susceptible to dephasing from turbulence and
does not suffer signal loss from saturation effects.
However, many institutions continue to image the
neck with both CE and TOF techniques. Due to poor-
er spatial resolution, CE MRA may underestimate
carotid stenosis. TOF techniques are also useful when
the arterial bolus is timed incorrectly and when there
is unsuspected reversal of flow. For example, in
Fig. 6.15, the left vertebral artery appears normal on
the CE image and one would assume antegrade flow.
However, the vessel is not seen on the 2D TOF flight
images, suggesting retrograde flow with saturation of
spins due to a superior saturation pulse.

A comparison of the MRA techniques and their
typical clinical applications is presented in Table 6.2.

6.2.3 Image Processing

Noncontrast and contrast MRA can be post-
processed as a maximum intensity projection (MIP)
image. This technique first creates a 3D model of the
vessels from the MRA raw data. A set of parallel rays
is then drawn from the model and the highest inten-
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sity along each ray is projected to form a 2D MIP im-
age. Multiple projections of the model are created
from different vantage points so that viewing sequen-
tial MIP images gives the illusion of observing a ro-
tating 3D MRA model.

6.2.4 Extracranial Atherosclerosis 
and Occlusions

MRA of neck vessels is important in stroke manage-
ment because extracranial atherosclerosis causes an
estimated 20–30% of strokes. The North American
Symptomatic Carotid Endarterectomy Trial (NASCET)
trial demonstrated that carotid endarterectomy im-
proves survival in symptomatic patients with carotid
stenosis of 70–99% [21]. The Asymptomatic Carotid

Atherosclerosis Study also suggested that asympto-
matic patients with a stenosis of 60% could benefit
from endarterectomy [22]. Since then, multiple stud-
ies have evaluated the ability of CE and noncontrast
MRA to distinguish between nonsurgical (<70%)
and surgical (70–99%) stenoses.

CE MRA is generally accurate in evaluation of
stenoses. A 2003 study comparing CE MRA and digi-
tal subtraction angiography (DSA) showed a sensi-
tivity of 97% and specificity of 95% for stratifying
nonsurgical from surgical stenoses [23]. However, a
2004 prospective study also comparing DSA and CE
MRA showed a sensitivity of 93% and specificity of
81% for detecting severe stenosis [24]. This poorer
performance of CE MRA was attributed to interob-
server variability, and this study noted that using CE

Fig. 6.15 a–c

Slow flow or subclavian steal syndrome.Two-dimensional TOF MRA source image (a) and MIP image of the TOF MRA (b)
show absent flow and possible occlusion of the left vertebral artery (arrows in b). CE MRA (c), however, shows flow in this
vessel (arrows). This discrepancy can occur from slow flow leading to signal saturation on 2D TOF or from reversed flow
in subclavian steal syndrome

a b c
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Table 6.2. MRA techniques and applications. (CE MRA Contrast-enhanced MRA, PC phase contrast, TOF time of flight)

Advantages Disadvantages Clinical applications

2D TOF Is noninvasive Typically overestimates Is used routinely as the “back up”
vessel stenosis MRA of the neck in case 

the CE MRA is suboptimal

Can image slow flow Has in-plane artifactual is used routinely 
signal loss in MR venography

Can image a large volume Is susceptible to signal loss can sometimes suggest subclavian 
of tissue from flow turbulence steal if combined with CE MRA

Can be repeated if suboptimal Has low spatial resolution

Can be obtained after contrast Has misregistration artifact 
administration but is slightly on MIP reconstructions
degraded by venous signal

3D TOF Is noninvasive Can image only a small volume Is used routinely to evaluate 
due to saturation artifact the circle of Willis to detect 

intracranial stenoses 
and occlusions

Has high spatial resolution Has poor background Can estimate carotid bifurcation 
suppression; fat or blood may stenoses
appear bright on the MRA

Shows complex vascular flow Cannot image slow flow 
because of saturation effects

Is less susceptible Is time consuming and 
to intravoxel dephasing susceptible to patient motion

Can be repeated if suboptimal

Can be obtained after contrast 
administration but is slightly 
degraded by venous signal

2D PC MRA Is able to show the direction Has low spatial resolution Is used occasionally to determine 
and magnitude of flow collateral flow around the circle 

of Willis

Does not show high signal Is more susceptible to turbulent Is used occasionally to determines 
artifact from fat or blood dephasing than TOF MRA subclavian steal and abnormal 

flow direction in the neck

Can show very slow moving Can have aliasing artifact Can detect slow flow if 
blood and helps differentiate if an incorrect VENC is used near-occlusion is suspected
occlusion from near occlusion

Can be obtained after 2D PC of the neck takes longer Is used occasionally 
gadolinium administration than 2D TOF of the neck in MR venography

with similar coverage

Can be repeated if suboptimal

2D PC of the circle of Willis 
is faster than 3D TOF or PC MRA
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MRA alone would have misclassified 15% of cases
and would have altered clinical decision-making in
6.0% of cases [24]. The authors concluded that this
was a sufficiently low error rate to support use of CE
MRA, but noted that catheter angiography was still
the gold standard.

A 2003 study observed that stenoses measured by
CE MRA and DSA are tightly correlated by a linear
regression analysis (r=0.967 with a 95% confidence
interval of 2.8%) [25]. While this was true for the
study overall, the study warned that stenosis meas-
urements by a single CE MRA exam for an individual
patient have a larger confidence interval and may not
reliably discriminate between small increments of
stenosis (e.g., between a 69% and 71% stenosis).
Nevertheless, in most patients, CE MRA is accurate
for stratifying stenoses into the broad categories of
surgical versus nonsurgical lesions.

Some reports suggest that noncontrast MRA of the
neck is less accurate than CE MRA in discriminating
surgical from nonsurgical stenoses. One 2002 study
comparing 2D and 3D TOF MRA to DSA reported
that 23% of their patients would have received
unindicated endarterectomies while another 33%
would have been improperly denied endarterec-
tomies had noncontrast MRA results been used alone
[26]. Several studies from 1992 to 1994 also reported
that 2D TOF MRA overestimated up to 48% of mod-
erate stenoses, erroneously categorizing them as sur-
gical lesions [27] and one study demonstrated that
2D TOF MRA has a sensitivity of 84% and specificity
of 75% in differentiating surgical from nonsurgical
stenoses [28]. However, a number of studies suggest
that 3D TOF MRA has a sensitivity and specificity of
grading carotid artery stenosis similar to those of CE
MRA. One study demonstrated a sensitivity of 94%

3D PC MRA Has high spatial resolution Is time consuming; Is rarely used
3D TOF MRA is faster with 
similar spatial resolution

Does not show high signal Used if intravascular clot will 
artifact from fat or blood confuse 3D TOF MRA interpretation

CE MRA Is fast, thus minimizing Has lower spatial resolution Is used routinely to evaluate 
patient motion artifact than 3D TOF MRA stenoses and occlusions 

of the neck vessels and neck 
vessel origins at the aortic arch

Is less susceptible to signal Occasionally underestimates 
loss from flow turbulence stenosis

Has no saturation artifact Must be obtained in arterial phase

Has good signal-to-noise ratio Cannot be repeated until 
i.v. contrast has cleared

Images a large volume of tissue Is minimally invasive,
requiring rapid power injection 
of contrast

Does not show high signal 
artifact from fat or blood

Accurate in estimating stenoses

Helps differentiate occlusion 
from near-occlusion

Table 6.2. (continued)

Advantages Disadvantages Clinical applications
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and specificity of 85% for 3D TOF MRA in distin-
guishing surgical from nonsurgical stenoses [28].An-
other study demonstrated Pearson correlation coeffi-
cients of 0.94 for CE MRA versus DSA, 0.95 for 3D
TOF MRA versus DSA and 0.94 for CE MRA versus
3D TOF MRA [29]. Also, a 2003 meta-analysis com-
bining 4 contrast and 17 noncontrast MRA studies
published from 1994 to 2001 reported a pooled sensi-
tivity of 95% and pooled specificity of 90% for MRA’s
ability to discriminate between stenoses greater than
or equal to 70% [30].

In general, both noncontrast and CE MRA overes-
timate stenoses when compared with DSA, and this
leads to a decrease in specificity. For noncontrast
MRA, this is primarily related to signal loss from de-
phasing and saturation artifacts. Pixel exclusion on
MIP images and motion degradation can also artifac-
tually exaggerate the degree of stenosis on both non-
contrast and CE MRA [24]. Nearly all studies evaluat-
ing MRA rely on DSA as a gold standard since this
was used in the NASCET and ACAS trials. Some pa-
pers, however, question the accuracy of DSA in grad-
ing stenoses, pointing to underestimation of stenosis
by DSA compared with 3D rotational catheter an-
giography [31, 32]. Some have suggested that the
specificity measured on MRA studies may be falsely
low from using a suboptimal gold standard [31].

Discriminating near occlusion from total occlu-
sion is critical, as the former can indicate urgent sur-
gery while the latter contraindicates surgical treat-
ment. Several studies show that MRA has high sensi-
tivity and specificity for making this differentiation
[30, 33, 34]. El-Saden et al. [33], in a retrospective
study using noncontrast and CE MRA together, re-
ported a 92% sensitivity for detecting 37 total occlu-
sions and a 100% sensitivity for detecting 21 near-oc-
clusions [33]. A meta-analysis of both CE MRA and
noncontrast MRA studies reported a pooled sensitiv-
ity of 98% and pooled specificity of 100% in differ-
entiating high-grade stenosis from occlusion [30].
Other studies, however, do not report such high accu-
racies [35] and many practices still rely on DSA to
differentiate definitively occlusion from near-occlu-
sion.

6.2.5 Intracranial Atherosclerosis 
and Occlusions

In the setting of acute stroke, intracranial MRA can
detect areas of stenosis and occlusion as well as de-
termine collateral flow (Fig. 6.16). Defining the loca-
tion of intracranial vessel pathology is clinically
important since an estimated 38% of patients with
acute strokes have arterial occlusion seen on DSA
[36] (and distal clots are more likely than proximal
clots to recanalize following tissue plasminogen acti-
vator (t-PA) [37]. As a result, proximal clots are treat-
ed more aggressively, sometimes using intra-arterial
techniques. In the acute setting, localizing intracra-
nial occlusions is often performed by CT angiogram,
but MRA can also depict these findings (Fig. 6.17).

Several studies report that intracranial MRA has 
a variable reliability of detecting occlusion and
stenoses in the acute stroke setting. A 1994 study of
TOF MRA compared to DSA in stroke reported 100%
sensitivity and 95% specificity for detecting intracra-
nial occlusion [38], and another demonstrated 88%
sensitivity and 97% specificity for detecting MCA
lesions compared with DSA [39]. A 2002 study, how-
ever, showed that, with the addition of contrast to
TOF MRA, 21% of vessels initially thought to be oc-
cluded on noncontrast TOF MRA were actually
patent on CE TOF MRA [40]. Few studies have deter-
mined the clinical significance of these MRA findings
in stroke, but a recent 2004 study using phase-con-
trast MRA in acute stroke showed that absent flow in
the M1 segment can help predict infarct growth [41].

The degree of collateral flow seen on DSA is an in-
dependent radiologic predictor of favorable outcome
following thrombolytic treatment [42]. TOF MRA,
however, is limited in evaluation of collateral flow.
One study found a negative predictive value as low as
53% for TOF MRA’s ability to detect collateral flow
when compared with transcranial Doppler [43]. A
2004 study showed that, on TOF MRA, prominence of
distal PCA vessels ipsilateral to an M1 occlusion
represents collateral blood flow via leptomeningeal
vessels [44]. The significance of this finding remains
uncertain.
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6.2.6 Dissection

Vascular dissection is an important etiology of acute
infarction, causing up to 20% of infarcts in young
patients and an estimated 2.5% of infarcts in the over-
all population [45]. Dissection occurs when blood ex-
tends into the wall of a vessel through an intimal tear.
This may occur in the extracranial or intracranial ves-
sels, the carotid or vertebral arteries, and may be
spontaneous or post-traumatic in etiology [46, 47].
Dissection most frequently occurs in the carotid ar-
tery as it enters the skull base and in the vertebral ar-
tery segment from C2 to the foramen magnum. Dis-
sections cause stroke primarily through embolization
rather than through flow limitation [48].

Acute dissections show luminal narrowing on
MRA and a flap can occasionally appear as a linear
low signal defect on MRA. The signal of the intramu-
ral blood follows that of parenchymal hematomas,
but hemosiderin deposition is not typically seen.
Once methemoglobin develops, the wall of the vessel
appears hyperintense on fat-saturated T1-weighted
images [49] (Fig. 6.18). Chronically, the vessel can oc-
clude, recanalize, show pseudoaneurysms, or become
dilated [50].

Fig. 6.16 a–c

Anterior cerebral artery occlusion and infarct. a MIP of 3D TOF MRA shows absent flow-related enhancement of the distal
A2 segment of the left anterior cerebral artery (ACA, arrow). b This corresponds to a focal filling defect on CT angiography
(CTA, arrow). Note that MRA cannot image the slow collateral flow in the distal left ACA.c Diffusion-weighted image (DWI)
shows the left ACA territory infarct

a b c

Figure 6.17

Right MCA occlusion. Three-dimensional TOF MRA MIP
image shows absent flow-related enhancement in the
right MCA from embolic occlusion. Note the decreased
signal in the right petrous ICA from a saturation effect
secondary to slow flow. There is also severe stenosis of
the distal left MCA
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In a study of 19 internal carotid and five vertebral
artery dissections, the MR appearance alone had an
estimated 84% sensitivity and 99% specificity for di-
agnosing carotid dissections and a 60% sensitivity
and 98% specificity for diagnosing vertebral artery
dissection [51]. Noncontrast MRA (TOF) has low
sensitivity (20%) for detecting vertebral artery dis-
section, but preliminary data suggest that CE MRA
may improve the evaluation of vertebral artery dis-
section [52]. Recently, case reports of false-negatives
have been reported for CE MRA in diagnosing dis-
section [53].

6.2.7 Other Infarct Etiologies

MRA can help determine other etiologies of arterial
infarct, including moya moya disease, vasculitis, and
fibromuscular dysplasia.

6.2.7.1 Moya Moya

The term moya moya refers to primary moya moya
disease and moya moya pattern, associated with an
underlying disease such as atherosclerosis or radia-
tion therapy. There is an increased incidence of pri-
mary moya moya disease in Asians and in patients
with neurofibromatosis or sickle cell disease. Patho-
logically, there is a progressive occlusive vasculopa-
thy of the supraclinoid internal carotid artery with
extension into the proximal anterior and middle
cerebral arteries associated with characteristic dilat-
ed prominent collateral vessels. Pediatric patients
with moya moya disease tend to develop symptoms
from acute infarction while adults with moya moya
disease more frequently present with symptoms from
intracranial hemorrhage into the deep gray nuclei.
MRA can depict stenoses and occlusion of the inter-
nal carotid, middle cerebral, and anterior cerebral ar-
teries (Fig. 6.19) [54, 55], and the estimated sensitivi-
ty and specificity of MRA in diagnosing moya moya
disease in one study of 26 patients were 73% and
100% respectively [56]. Furthermore, one recent
study reported that MRA depiction of moya moya
collaterals in patients with sickle cell anemia was cor-
related with future cerebrovascular events [57]. MRA
is also frequently used in planning vascular by-pass
surgery and following response to treatment.

Fig. 6.18 a, b

Left vertebral artery dissection. a Axial T1 fat-saturated
image of the neck shows a crescent of high signal at 
the left vertebral artery from intramural hemoglobin.
b Contrast-enhanced MRA shows a narrowed left verte-
bral artery (arrow)

a

b



Chapter  6 133Conventional MRI and MR Angiography of Stroke

6.2.7.2 Vasculitis

Vasculitis affecting the central nervous system (CNS)
represents a heterogeneous group of inflammatory
diseases that may be idiopathic or associated with au-
toimmune diseases, infections, drug exposure, radia-
tion or cancer. Vessel walls are infiltrated by inflam-
matory cells, and there is increased vasomotor reac-
tivity related to the release of neuropeptides. These
properties lead to vessel narrowing. There is also loss
of normal endothelial anticoagulant properties and
vessels have increased susceptibility to thrombosis.
Consequently, patients with vasculitis develop is-
chemic and thrombotic infarctions. There is also al-
tered wall competence, which can result in dissection
or vessel wall disruption with intracranial hemor-
rhage. MRA is clinically used to screen for vasculitis,
but is less sensitive than DSA (Fig. 6.20). One study of
14 patients with suspected vasculitis reported that
MRA could detect distal stenoses in vasculitis with a
sensitivity of 62–79% and a specificity of 83–87%
when compared with a DSA gold standard [58].

6.2.7.3 Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) is an uncommon id-
iopathic vasculopathy causing stenoses most often in
the renal and internal carotid arteries, and patients
with FMD of the neck vessels can present with in-
farcts or transient ischemic attacks. MRA in FMD can
show alternating areas of stenosis (Fig. 6.21) but one
study noted that 2D TOF MRA is limited in evalua-
tion of FMD, as slice misregistration artifacts can
mimic alternating stenoses [59]. In practice, MRA is
useful is distinguishing FMD from vessel dissection
or hypoplasia [60].

Figure 6.19

Moya moya disease. Three-dimensional TOF MRA
shows decreased flow-related enhancement in the left
ICA at the skull base. There is high-grade stenosis or
occlusion at the left supraclinoid ICA in this patient
with sickle cell anemia

Fig. 6.20 a, b

Vasculitis. a MIP of 3D TOF MRA shows scattered areas
of narrowing in the right MCA (arrow), bilateral posteri-
or cerebral artery (PCA), and anterior cerebral artery
(ACA) in this patient with primary CNS vasculitis. b MIP
from CT angiogram also shows scattered vessel nar-
rowing, especially at the right MCA (arrow)

a

b
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6.2.8 Venous Infarct

Venous occlusion can lead to infarct through a reduc-
tion in cerebral blood flow. Venous infarcts are un-
der-recognized and tend to develop into a hemor-
rhage [61]. Parenchymal findings on MR include im-
aging cerebral swelling, venous infarctions, and in-

tracranial hemorrhage. The MR appearance of in-
travascular clot is variable depending on the age of
thrombus and the degree of residual flow. In general,
methemoglobin demonstrates hyperintensity on T1-
weighted images and there is usually the absence of a
flow void on T2-weighted images.

MR venography greatly aids in diagnosing cere-
bral venous thrombosis and in determining the ex-
tent of thrombosis. Typically, a 2D TOF sequence is
obtained in the coronal plane [62]. If flow-related en-
hancement is not seen within a sinus, there should be
a high suspicion of sinus thrombosis (Fig. 6.22).
However, MRV must be interpreted alongside stan-
dard MR sequences because the absence of flow-re-
lated enhancement can also be seen in atretic sinus-
es, in regions of complex flow due to complex geom-
etry or where there is in-plane flow [63]. In addition,
T1 hyperintense clot can be confused with flow-relat-
ed enhancement on TOF techniques but the flow-re-
lated enhancement usually has higher signal intensi-
ty. Preliminary data also support the use of first-pass
contrast-enhanced venography [64].

6.2.9 Conclusion

In the setting of acute stroke, MRA is useful for de-
termining the severity of stenosis, vascular occlusion,
and collateral flow. CE MRA and 3D TOF techniques
have relatively high sensitivity and specificity in 
differentiating surgical from nonsurgical carotid
stenoses. Three-dimensional TOF MRA is quite sen-
sitive and specific for the evaluation of intracranial
proximal stenoses and occlusions. Two-dimensional
PC MRA is useful for determining collateral flow pat-
terns in the circle of Willis. MRA is also useful in the
determination of stroke etiologies such as dissection,
fibromuscular dysplasia, vasculitis, and moya moya.
Currently, MRA is relatively insensitive to the detec-
tion of stenoses in distal intracranial vessels but this
detection will improve with new MR hardware and
software.

Fig. 6.21 a, b

Fibromuscular dysplasia. a CE MRA of the left internal
carotid artery shows alternating stenoses (arrows) in
this patient with fibromuscular dysplasia. b 2D TOF MIP
image also demonstrates the stenoses but these can be
confused with slice misregistration artifacts

a b
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7.1 Introduction

Diffusion magnetic resonance imaging provides
unique information on the state of living tissue be-
cause it gives image contrast that is dependent on the
molecular motion of water. The method was intro-
duced into clinical practice in the mid 1990s, but be-
cause of its demanding MR engineering require-
ments, primarily high-performance magnetic field
gradients, it has only recently undergone widespread
dissemination. Because it employs ultrafast, echo
planar MRI scanning, it is highly resistant to patient
motion, and imaging times range from a few seconds
to 2 minutes. Diffusion MRI is the most reliable
method for detecting acute ischemia and has as-
sumed an essential role in the detection of acute is-
chemic brain infarction and in differentiating acute
infarction from other disease processes.

7.2 Basic Concepts/Physics of Diffusion MRI

The term diffusion refers to the general transport of
matter whereby molecules or ions mix through nor-
mal agitation in a random way.Even though diffusion
is a random process, there is an underlying driving
mechanism. When describing the mixing of different
liquids or gases, diffusion is described in terms of a
concentration gradient of the diffusing substance:
from areas of high concentration to areas of low con-
centration. In biological tissues, however, concentra-
tion is not the driving force, and instead the process
of interest is the motion of water within water driven
by thermal agitation, commonly referred to as
Brownian motion or self-diffusion. For example, the
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path of a pollen grain suspended in water provides
good visualization of Brownian motion of all liquid
water molecules whether in pure water, a porous
medium or biological tissue. After each displace-
ment, there is a collision and then a new random ori-
entation for the next displacement. Hence, the parti-
cles take a random walk consisting of a succession of
n random displacements. In the case of unrestricted
diffusion, the particle wanders freely in all directions
throughout the medium as shown in Fig. 7.1a. The
distance traversed by the particle in time t, referred
to as the mean free path L, is the direct line connect-
ing its initial to its final position and it is proportion-
al to the square root of the diffusion constant D
(Fig. 7.1). Since there is no directional (spatial) varia-
tion in the free diffusion rate D, the diffusion is called
isotropic. For water at 37 °C, the diffusion constant D
is approximately 3.2¥10–3 mm2 · s–1.

In biological tissues, water molecules encounter a
number of complex semi-permeable structures in the
intracellular, extracellular, and vascular compart-
ments. As a result, water diffusion through such
structures exhibits directionality in the orientation
of preferred motion. The measured diffusion is thus
greater parallel to the barriers (Fig. 7.1b) than per-
pendicular to them. This directional dependence is
known as anisotropy [1].

In vivo measurement of water diffusion using MRI
exploits the fact that spins moving through a mag-
netic field gradient acquire phase at a rate depending

on both the gradient strength and the velocity of the
spins. The basic sequence for measuring diffusion is
a spin echo pulse sequence shown in Fig. 7.2. The
method utilizes a pair of equal but opposite strong
gradient pulses placed symmetrically around the
180° refocusing pulse. The effect of the spin echo is to
reverse this dephasing (loss of signal due to a fanning
out of the spin vectors which do not add coherently)
in the interval TE/2 (where TE is echo time) so that an
echo, a coherent sum of all spin vectors into a single
vector, is formed at a time TE/2 after the application
of the 180° pulse. The effect on the spin system of the
first gradient lobe before the 180° pulse is to increase
the rate at which the various spin vectors fan out, re-
sulting in faster signal decay. The gradient lobe after
the 180° pulse is in effect polarity reversed relative to
the first lobe so that the total gradient dephasing is
zero. Thus, the first gradient lobe increases the fan-
ning out of the various spin vectors while the second
lobe fans them back inwards to create the echo.

However, this is only true for static tissues which
see both these gradients in their entirety so that the
two phase shifts are identical in magnitude and can-
cel each other out. If the spins are moving, such as
spins in flowing blood, then the amount of signal de-
phasing will be both spatial and time-dependent.
During the second gradient pulse, this phase is un-
wound at the same rate as it was wound by the first
gradient pulse but, since the spins are moving, they
undergo a different overall phase change as they are

Figure 7.1 a, b

Comparison of unrestricted or free diffusion (a) of a particle with restricted diffusion (b). Biological structures have barri-
ers such as cell membranes, which restrict diffusion to a specific bounded path. In the latter case, directional structures
such as axons have free diffusion along their principle axes and restricted diffusion perpendicular to that axis.This direc-
tional dependency is called anisotropy

a b
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now in a different magnetic field from where they
were during the first pulse. The result is a weaker
echo compared to stationary tissue since the rephas-
ing of the MR signal is incomplete.

Spins undergoing diffusion also dephase, but 
because their motion is random, each spin within 
a voxel ends up with a different amount of phase 
at the end of the second gradient lobe. Since the mag-
netization vectors of all spins in the voxel are added
to form the acquired echo, the spread in spin vectors
due to the random motion results in an overall 
reduction of the echo signal. The exponential loss in
signal in the diffusion case is significantly higher
than in a simple flow case due to the inherent ran-
domness. The measured MR signal loss due to diffu-
sion is given by:

(7.1)

where S is the diffusion-weighted (DW) signal inten-
sity, S0 is the signal with no diffusion gradients ap-
plied, b characterizes the diffusion-sensitizing gradi-

S S e bD= −
0

ent pulses (timing, amplitude, shape, and spacing –
see Fig. 7.2) and D is the diffusion constant. The ap-
parent diffusion coefficient (ADC) for a given direc-
tion is calculated on a pixel-by-pixel basis by fitting
signal intensities to Eq. 7.1 so that:

(7.2)

where ln is the natural logarithm function. The refer-
ence to an ADC is because the actual diffusion coeffi-
cient is complicated by other factors such as varia-
tions in anisotropy in tissue, choice of parameters in
the b value, and some confounding factors due to in-
herent perfusion and motion, which result in an esti-
mate rather than the actual value. The effects due to
motion are mitigated by using single-shot echo pla-
nar (EPI) acquisition to minimize the imaging time.

Acquiring multiple DW images for a series of b
values allows the determination of the apparent dif-
fusion coefficient (DªADC) by a pixel-by-pixel least-
squares fit of Eq. 7.2 as shown in Fig. 7.3 for a specif-
ic gradient direction. In the simplest case, two images

D b
S
S

= ⋅ ln 0

Figure 7.2

Stejskal–Tanner diffusion spin
echo sequence [138]. Spins ac-
cumulate phase shift during the
first gradient pulse. The 180°
pulse inverts the phase of all
spins. The second gradient lobe
induces another phase shift that
is effectively opposite to the first
gradient pulse due to the effect
of the spin echo.The phase shifts
are identical in magnitude and
cancel each other out. For mov-
ing or diffusing spins, the trans-
lation of the spins to different 
locations in time t results in an
incomplete refocusing and hence
the attenuation of the resulting
echo. b=g2G2d2(D–d/3), and D is
the diffusion coefficient. g is the
gyromagnetic ratio.G is the mag-
nitude of, d the width of, and D
the time between, the two bal-
anced diffusion gradient pulses
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are obtained: one averaged diffusion-weighted image
for a specific b value (for example, diffusion gradients
applied along the x-axis) followed by a reference T2
image (b=0) so that ADCxx is obtained from the fit as
shown in Fig. 7.3. The process is repeated to obtain
ADCyy and ADCzz.

The diffusion-weighted image (DWI), also known
as the isotropic image, is calculated as the geometri-
cal mean of the three diffusion-weighted T2 images
derived from the three orthogonal gradient direc-
tions (x, y, z) and it is given by:

(7.3)

The resulting DWI image has not only diffusion con-
trast but also T2 contrast (also known as “T2 shine
through”). In order to remove the T2 weighting, the

DWI DWI DWI DWIavg = ⋅ ⋅( )x y z
1 3

DWI S is divided by the T2 image S0 (b=0). The expo-
nential image is easily thus derived from Eq. 7.1 as:

(7.4)

7.2.1 Diffusion Tensor Imaging (DTI)

The preceding discussion of DWI assumed that dif-
fusion could be represented as a single quantity.
However, in the presence of highly oriented biologi-
cal structures, such as white matter, this is not the
case. Diffusion tensor imaging (DTI) is the term used
to describe the extension of DWI to the three spatial
directions by applying the sensitizing gradients in all
three directions (x, y, and z). The measured diffusion
properties of anisotropic tissues will differ when the
diffusion gradients are applied along different direc-
tions. The complete characterization of the diffusion
properties of an anisotropic structure requires that
the full effective diffusion tensor be measured. The
diffusion coefficient thus becomes:

(7.5)

For example to obtain Dxy, both the x and y gradients
must be applied simultaneously. DWI only gives in-
formation concerning three orthogonal diffusion di-
rections, and its full matrix is thus given as:

(7.6)

where the off-diagonal elements are zero and hence
the method is biased towards a particular orienta-
tion. In an anisotropic environment, an ellipsoid is
elongated as shown in Fig. 7.4b, c, preferentially in
one direction. The longest, middle, and shortest of
the ellipsoid principal axes are denoted by l1,l2, and
l3 and are referred to as eigenvalues. Each has a cor-
responding eigenvector representing its respective
diffusion direction. When these principal axes are
aligned with the physical measurement coordinate
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Figure 7.3

The ADC for a given gradient direction is calculated on
a pixel-by-pixel basis by fitting signal intensities to the
diffusion equation for at least two diffusion-weighted
images corresponding to two separate b values. The
slope of the fit corresponds to the ADC value for that
particular gradient direction
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system (x, y, z), as in the isotropic case in Fig. 7.4a,l1,
l2, and l3 can be directly measured since they lie on
this frame of reference. However, for the anisotropic
case, they are never aligned and the diffusion tensor
matrix in Eq. 7.4 has nine nonzero values that need to
be determined to fully characterized the full 3D dif-
fusion tensor.

The appropriate gradient amplitude and direction
are applied to obtain the desired diffusion orienta-
tion for the necessary tensor matrix value. For exam-
ple, to obtain Dxx, only Gx is employed. Similarly, for
Dxy, both 0.707Gx and 0.707Gy are employed and a
DWI image is obtained (Fig. 7.5). With increasing
number of diffusion encoding gradient directions,
data sampling becomes more uniform and less bi-
ased to any particular direction. High angular resolu-
tion DTI schemes are typically generated uniformly
on a spherical surface divided by the diffusion en-
coding gradients.

To visualize the tensor, it iss important that 
the scalar metrics are rotationally invariant, which
means that they do not depend on the coordinate sys-

tem in which the tensor was measured.A rotationally
invariant measure of isotropic diffusion is the mean
of the principal diffusivity (D) and is given by:

(7.7)

Imaging time can be reduced by measuring the diag-
onal elements of the diffusion tensor that will pro-
vide a rotationally invariant measure of isotropic dif-
fusion as is the case for a simple diffusion weighted
image (DWI) .

For a scalar measurement of the amount of aniso-
tropy in tissue, rotationally invariant metrics from
the diffusion tensor have been proposed by Basser et
al. [2]. The fractional anisotropy (FA) map is defined
as the proportion of the diffusion tensor D that can
be assigned to anisotropic diffusion. It is given by:

(7.8)
FA =
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Figure 7.4 a–c

Relationship between anisotrop-
ic diffusion, diffusion ellipsoids,
and diffusion tensor. a In an
isotropic environment, diffusion
is equal in all directions and can
be characterized by diagonal
elements (Dxx, Dyy, and Dzz), all of
which have the same value D.
b, c In anisotropic diffusion, the
diffusion tensor is geometrically
equivalent to an ellipsoid, with
the three eigenvectors of the
tensor matrix set as the minor
and major axis of the ellipsoid

a b c
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where the is the mean diffusivity.

FA is very easy to interpret, having a great visual im-
pact as white matter is white, while grey matter is
grey. FA is equal to zero for perfectly isotropic diffu-
sion and 1 for the hypothetical case of an infinite
cylinder.

7.3 Diffusion MR Images for Acute Stroke

For acute stroke studies, DWI images, exponential
images, ADC maps and T2-weighted images should
be reviewed (Fig. 7.6). In lesions such as acute is-
chemic strokes, the T2 and diffusion effects both
cause increased signal on the DWI and we identify
regions of decreased diffusion best on DWI. The ex-
ponential image and ADC maps are used to exclude
“T2 shine through” as the cause of the increased
signal on DWI. Truly decreased diffusion will be
hypointense on ADC and hyperintense on exponen-
tial images. The exponential image and ADC map are
also useful for detecting areas of increased diffusion
that may be masked by T2 effects on the DWI. On
DWI, regions with elevated diffusion may be slightly
hypointense, isointense, or slightly hyperintense,
depending on the strength of the diffusion and T2
components. Regions with elevated diffusion are
hyperintense on ADC maps and hypointense on
exponential images.

λ = Trace( )D
3 7.4 Theory for Decreased Diffusion 

in Acute Stroke

The biophysical basis for the rapid decrease in ADC
values of acutely ischemic brain tissue is complex
(Table 7.1). Cytotoxic edema induced by acute hy-
ponatremic encephalopathy is associated with
decreased diffusion [3], and is therefore thought 
to contribute to the decreased diffusion associated
with acute stroke. Furthermore, there is decreased
Na+/K+ATPase activity without a significant increase
in brain water [4] when decreased diffusion is pres-
ent in acutely ischemic rat brain tissue. Ouabain, a
Na+/K+ATPase inhibitor, is associated with ADC re-
duction in rat cortex [5]. These findings suggest that
ischemia leads to energy metabolism disruption with
failure of the Na+/K+ATPase and other ionic pumps.
This leads to loss of ionic gradients and a net transfer
of water from the extracellular to the intracellular
compartment where water mobility is relatively
decreased.

Furthermore, changes in the extracellular space
may contribute to decreased diffusion associated
with acute stroke. With cellular swelling, there is re-
duced extracellular space volume and a decrease in
the diffusion of low molecular weight tracer mole-
cules in animal models [6, 7], suggesting increased
tortuosity of extracellular space pathways. In addi-
tion, intracellular metabolite ADCs are significantly

Figure 7.5

Sample display of axial brain im-
ages with the different gradient
sensitization of the tensor ma-
trix. The off-diagonal elements
provide information about the
interactions between the x, y,
and z directions. For example,
ADCyx gives information about
the correlation between dis-
placements in the x and y direc-
tions. A geometric pixel-by-pixel
mean (Eq. 7.3) of the images in
the main diagonal is the DWI im-
age as in the isotropic diffusion
case
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reduced in ischemic rat brain [8–10]. Proposed ex-
planations are increased intracellular viscosity due to
microtubule dissociation, and fragmentation of oth-
er cellular components due to collapse of the energy-
dependent cytoskeleton, increased tortuosity of the
intracellular space, and decreased cytoplasmic mo-
bility. It is noteworthy that the normal steady-state
function of these structures requires ATP. Other fac-
tors, such as temperature decrease [11, 12] and cell
membrane permeability [13, 14], play a minor role in
explaining ADC decreases in ischemic brain tissue.

7.5 Time Course of Diffusion Lesion Evolution
in Acute Stroke

In animals following middle cerebral artery occlu-
sion, ischemic tissue ADCs decrease to 16–68% be-
low those of normal tissue at 10 min to 2 h [15–21]. In
animals, diffusion coefficients pseudonormalize (the
ADCs are similar to those of normal brain tissue but

Figure 7.6

Typical diffusion MR maps. The appearances on the DWI, exponential (EXP) image, and ADC map, as well as the corre-
sponding mathematic expressions for their signal intensities, are shown. Image parameters are b=1000 s/mm2; effective
gradient, 25 mT/m; repetition time, 7500 ms; minimum echo time; matrix, 128×128; field of view, 200×200 mm; section
thickness, 5 mm with 1 mm gap. (SI Signal intensity, SIo signal intensity on T2-weighted image)

Table 7.1. Theories for decreased diffusion in acute stroke

Number Theory

1 Failure of Na+/K+ATPase and other ionic
pumps with loss of ionic gradients 
and net transfer of water from the extracel-
lular to the intracellular compartment

2 Reduced extracellular space volume 
and increased tortuosity of extracellular
space pathways due to cell swelling

3 Increased intracellular viscosity from 
microtubule dissociation and fragmenta-
tion of other cellular components

4 Increased intracellular space tortuosity

5 Decreased cytoplasmic mobility.

6 Temperature decrease

7 Increased cell membrane permeability
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the tissue is not viable) at approximately 48 hours and
are elevated thereafter. In humans, the time course is
longer (Table 7.2; Fig. 7.7). Decreased diffusion in 
ischemic brain tissue is observed as early as 30 min 
after vascular occlusion [22–25]. The ADC continues
to decrease with peak signal reduction at 1–4 days.
This decreased diffusion is markedly hyperintense on
DWI (a combination of T2 and diffusion weighting),
less hyperintense on exponential images, and hy-
pointense on ADC images. The ADC returns to base-
line at 1–2 weeks. This is consistent with the persist-
ence of cytotoxic edema (associated with decreased
diffusion) as well as cell membrane disruption, and
the development of vasogenic edema (associated with
increased diffusion). At this point, a stroke is usually
mildly hyperintense on the DWI images due to the T2
component and isointense on the ADC and exponen-
tial images. Thereafter, the ADC is elevated secondary
to increased extracellular water, tissue cavitation, and
gliosis. There is slight hypointensity, isointensity or
hyperintensity on the DWI images (depending on the
strength of the T2 and diffusion components), in-

creased signal intensity on ADC maps, and decreased
signal on exponential images.

The time course is influenced by a number of fac-
tors including infarct type and patient age [26]. Min-
imum ADC is reached more slowly and transition
from decreasing to increasing ADC is later in lacunes
versus other stroke types (nonlacunes) [27]. In non-
lacunes, the subsequent rate of ADC increase is more
rapid in younger versus older patients. Early reperfu-
sion may also alter the time course. Early reperfusion
causes pseudonormalization as early as 1–2 days in
humans who receive intravenous recombinant tissue
plasminogen activator (rtPA) within 3 hours after
stroke onset [28]. Furthermore, there are different
temporal rates of tissue evolution toward infarction
within a single ischemic lesion. Nagesh et al. [29]
demonstrated that, while the average ADC of an is-
chemic lesion is depressed within 10 hours, different
zones within an ischemic lesion may demonstrate
low,pseudonormal or elevated ADCs.In the absence of
thrombolysis, in spite of these variations, tissue with
reduced ADC nearly always progresses to infarction.

Table 7.2. Diffusion MRI findings in stroke. (ADC Apparent diffusion coefficient, DWI diffusion-weighted image, EXP exponen-
tial image, FA fractional anisotropy)

Pulse Hyperacute Acute Early subacute Late subacute Chronic
sequence (0–6 h) (6–24 h) (1–7 days)

Reason for Cytotoxic Cytotoxic Cytotoxic edema Cytotoxic and Vasogenic edema,
ADC changes edema edema with small amount vasogenic edema then gliosis 

of vasogenic edema and neuronal loss

DWI Hyperintense Hyperintense Hyperintense, Hyperintense Isointense 
gyral hypointensity (due to T2 to hypointense
from petechial component)
hemorrhage

ADC Hypointense Hypointense Hypointense Isointense Hyperintense

EXP Hyperintense Hyperintense Hyperintense Isointense Hypointense

Low B T2 Isointense Hyperintense Hyperintense, Hyperintense Hyperintense
gyral hypointensity 
from petechial 
hemorrhage

FA Hyperintense Hyperintense Hypointense Hypointense Hypointense
to hypointense
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7.6 Reliability

Conventional CT and MR imaging cannot reliably de-
tect infarction at early time points (less than 6 h) be-
cause detection of hypoattenuation on CT and hyper-
intensity on T2-weighted and fluid attenuated inver-
sion recovery (FLAIR) MR images requires substan-
tial increases in tissue water. For infarctions imaged
within 6 h after stroke onset, reported sensitivities

are 38–45% for CT and 18–46% for MRI [30, 31]. For
infarctions imaged within 24 h, one study reported a
sensitivity of 58% for CT and 82% for MRI [32].

Unlike conventional images, diffusion-weighted
images are highly sensitive and specific in the detec-
tion of hyperacute and acute infarctions [30, 33–35]
(Table 7.3). They are very sensitive to the decreased
diffusion of water that occurs early in ischemia, and
they have a much higher contrast-to-noise ratio com-
pared with CT and conventional MRI. Reported sen-

Figure 7.7

DWI and ADC time course of stroke evolution. Patient is a 72-year-old female with a history of atrial fibrillation with acute
left hemiparesis. At 6 h, the right middle cerebral artery (MCA) infarction is mildly hyperintense on DWI and mildly hy-
pointense on ADC images secondary to early cytotoxic edema. At 30 h, the DWI hyperintensity and ADC hypointensity
are pronounced secondary to increased cytotoxic edema.This is the ADC nadir. At 5 days, the ADC hypointensity is mild,
indicating that the ADC has nearly pseudonormalized. This is secondary to cell lysis and the development of vasogenic
edema. The lesion remains markedly hyperintense on the DWI images because the T2 and diffusion components are
combined. At 3 months, the infarction is DWI hypointense and ADC hyperintense, secondary to the development of glio-
sis and tissue cavitation
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sitivities range from 88% to 100% and reported
specificities range from 86% to 100%. A lesion with
decreased diffusion correlates highly with infarction.

Most false-negative DWI images occur with punc-
tate lacunar brainstem or deep gray nuclei infarc-
tions [30, 33, 34, 36] (Fig. 7.8). Some lesions were pre-

sumed on the basis of an abnormal neurologic exam
while others were are seen on follow-up DWI. False-
negative DWI images also occur in patients with re-
gions of decreased perfusion (increased mean transit
time and decreased relative cerebral blood flow) that
are hyperintense on follow-up DWI; that is, they

Table 7.3. Reliability of DWI for the detection of acute ischemic infarction in hyperacute stroke

Pulse sequence Sensitivity Specificity

CT 38–45% 82–96%

Conventional MR 18–46% 70–94%

DWI 88–100% 88–100%

DWI – false-negative lesions 1. Brainstem or deep gray nuclei lacunes
2. DWI-negative, perfusion-positive lesions that eventually infarct

DWI – false-positive lesions 1. T2 shine through
2. Other entities with decreased diffusion – usually demyelinative lesion 

or nonenhancing tumor

Figure 7.8

Thalamic lacune without an acute DWI abnormality. Patient is a 45-year-old female with patent foramen ovale. Initial DWI
and ADC images demonstrate no definite acute infarction. Follow-up FLAIR image demonstrates a punctate hyperin-
tense left thalamic lacunar infarction (white arrow)
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initially had brain regions with ischemic but viable
tissue that eventually infarcted. These findings stress
the importance of obtaining early follow-up imaging
in patients with normal DWI images and persistent
stroke-like deficits so that appropriate treatment is
initiated as early as possible.

False-positive DWI images occur in patients with
a subacute or chronic infarction with “T2 shine
through” (Fig. 7.9). In other words, a lesion appears
hyperintense on the DWI images due to an increase
in the T2 signal rather than a decrease in diffusion. If
the DW images are interpreted in combination with
ADC maps or exponential images, this pitfall can 
be avoided. All acute lesions should demonstrate hy-
pointense signal on ADC maps and increased signal
on exponential images, while subacute to chronic 
lesions should demonstrate increased signal on ADC
maps and decreased signal on exponential images.
False-positive DWI images have also been reported
with cerebral abscess (restricted diffusion due to in-
creased viscosity), and tumor (restricted diffusion
due to dense cell packing) [33]. Other entities with
decreased diffusion that may be confused with acute
infarction are venous infarctions, demyelinative le-

sions (decreased diffusion due to myelin vacuoliza-
tion), hemorrhage, herpes encephalitis (decreased
diffusion due to cell necrosis), and diffuse axonal in-
jury (decreased diffusion due to cytotoxic edema or
axotomy with retraction ball formation) [37]. When
these lesions are reviewed in combination with rou-
tine T1, FLAIR, T2, and gadolinium-enhanced T1-
weighted images, they are usually readily differentiat-
ed from acute infarctions.

Although after 24 h, CT, FLAIR and T2-weighted
images are reliable at detecting acute infarctions, dif-
fusion imaging continues to improve stroke diagno-
sis in the subacute setting. Older patients commonly
have FLAIR and T2 hyperintense white matter abnor-
malities that are indistinguishable from acute infarc-
tions. However, the acute infarctions are hyper-
intense on DWI and hypointense on ADC maps while
the chronic foci are usually isointense on DWI and
hyperintense on ADC maps due to elevated diffusion
(Fig. 7.10). In one study of indistinguishable acute
and chronic white matter lesions on T2-weighted im-
ages in 69% of patients, the sensitivity and specifici-
ty of DWI for detecting the acute subcortical infarc-
tion were 94.9% and 94.1%, respectively [38].

Figure 7.9

T2 “shine through”. Patient is a 78-year-old male with dizziness. DWI hyperintense lesions in the right posterior frontal
subcortical white matter and bilateral posterior corona radiata are hyperintense on FLAIR images and ADC maps, and
hypointense on exponential images. These findings are consistent with elevated diffusion secondary to microangio-
pathic change rather than acute infarction suggested by the DWI images alone
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7.7 Reversibility of DWI Stroke Lesions

In the absence of thrombolysis, reversibility (abnor-
mal on initial DWI but normal on follow-up images)
of DWI hyperintense lesions is very rare (Table 7.4).
Grant et al. [39] could identify only 21 out of thou-
sands of DWI hyperintense lesions that demonstrat-
ed reversibility and most etiologies were not is-
chemic. The etiologies were acute stroke or transient
ischemic attack (TIA) (3 patients), transient global
amnesia (7 patients), status epilepticus (4 patients),
hemiplegic migraine (3 patients), and venous sinus
thrombosis (4 patients) (Fig. 7.11). ADC ratios (ipsi-
lateral abnormal over contralateral normal-appear-
ing brain) were similar to those in patients with acute
stroke. Gray matter ADC ratios were 0.64–0.79; white
matter ADC ratios were 0.20–0.87 [39].

In the setting of intravenous and/or intra-arterial
thrombolysis, DWI reversibility is more common and
was seen in 33% of initially DWI-abnormal tissue in
one study [40] (Fig. 7.12). However, determining
whether tissue with an initial diffusion abnormality
is normal at follow-up is complicated. A normal
appearance on follow-up DWI, ADC or T2-weighted
images may not reflect complete tissue recovery. Kid-
well et al. [40], in the same study, reported a decrease
in size from the initial DWI abnormality to the
follow-up DWI abnormality immediately after intra-
arterial thrombolysis in 8/18 patients, but a subse-
quent increase in DWI lesion volume was observed in
5 patients. A number of studies have demonstrated
that ADCs are significantly higher in DWI-reversible
tissue compared with DWI-abnormal tissue that
infarcts. Mean ADCs range from 663×10–6 mm2 · s–1 to
732×10–6 mm2 · s–1 in DWI-reversible regions com-

Figure 7.10

Periventricular nonspecific white
matter changes versus acute
infarction. Patient is a 61-year-
old female with hypertension.
FLAIR-weighted images demon-
strate multiple hyperintense
white matter foci of unclear
chronicity. Diffusion-weighted
images demonstrate that lesions
in the left external capsule and
left temporal subcortical white
matter (white arrows) are acute
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pared with 608×10–6 mm2 · s–1 to 650×10–6 mm2 · s–1 in
DWI-abnormal regions that infarct [40, 41]. Animal
models have also shown high correlation between
threshold ADCs of 550×10–6 mm2 · s–1 and tissue vol-
ume with histologic infarction.

Other studies question the existence of an ADC
threshold. In one study, the final T2 lesion volume on
day 7 was less than half the tissue volume with an ini-
tial ADC of less than 60% of normal in two patients
with early reperfusion [42]. This is well below the
threshold ADCs of approximately 80% of normal tis-
sue, discussed above. It is likely that the duration and
severity of ischemia rather than the absolute ADC
value determine ADC normalization and tissue re-
covery. For example, the degree of ADC decrease cor-
relates strongly with the severity of perfusion
deficits, and the cerebral blood flow (CBF) threshold
for tissue infarction increases with increasing occlu-
sion time [43]. Jones et al. [44] demonstrated that the
CBF threshold for tissue infarction was 10–12 ml
100 g–1 min–1 for 2–3 h of occlusion but 17–18 ml
100 g–1 min–1 for permanent occlusion of the MCA in
monkeys [44].

Table 7.4. Reversibility of DWI stroke lesions

Definition DWI abnormal tissue that appears
normal at follow-up imaging

Entities Acute stroke – 
associated with usually following thrombolysis
DWI reversibility Venous infarction

Hemiplegic migraine

Transient global amnesia

Status epilepticus

Lesion location White matter more 
often than gray matter

Amount of DWI 12–33%
reversible tissue 
in arterial strokes 
following tPA

ADC values Higher in DWI-reversible versus
DWI-nonreversible tissue

(663–732) × 10–6 mm2/s
in DWI-reversible regions

(608–650) × 10–6 mm2/s
in DWI-abnormal regions 
that infarct

Figure 7.11

A 31-year-old female with seizures and superior sagittal sinus thrombosis and reversible DWI abnormalities. In the bilat-
eral frontal and right parietal lobes, there is T2 and DWI hyperintensity and ADC hypointensity (arrows). These findings
are consistent with cytotoxic edema. On follow-up T2-weighted images (F/U T2), following thrombolysis, the lesions have
nearly completely resolved
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7.8 Prediction of Hemorrhagic Transformation

Hemorrhagic transformation (HT) of brain infarc-
tion represents secondary bleeding into ischemic tis-
sue with a natural incidence of 15% to 26% during
the first 2 weeks and up to 43% over the first month
after cerebral infarction [45–48] (Table 7.5). Predis-
posing factors include stroke etiology (HT is more
frequent with embolic strokes), reperfusion, good
collateral circulation, hypertension, anticoagulant
therapy, and thrombolytic therapy. In patients treat-
ed with intra-arterial (i.a.) thrombolytic therapy, a
higher National Institutes of Health Stroke Scale
(NIHSS) score, a longer time to recanalization, a low-
er platelet count, and a higher glucose level are asso-
ciated with HT [49].

The most commonly proposed pathophysiological
mechanism for HT is that severe ischemia leads to
greater disruption of the cerebral microvasculature
and greater degradation of the blood–brain barrier.
Reperfusion into the damaged capillaries following
clot lysis leads to blood extravasation with the devel-
opment of petechial hemorrhage or hematoma. How-
ever, multiple studies describe HT in spite of persist-
ent arterial occlusion [45, 50]. HT in this setting may
result from preservation of collateral flow. rtPA
thrombolytic therapy may aggravate ischemia-in-
duced microvascular damage by activation of the
plasminogen-plasmin system with release and acti-
vation of metalloproteinases [51–53] that are thought
to cause degradation of the basal lamina during an is-
chemic insult.

Figure 7.12

Acute ischemic stroke with DWI reversibility. Patient is a 69-year-old male with sudden onset of speech difficulties and
right-sided weakness. MRA demonstrated MCA occlusion. He was treated with intra-arterial (i.a.) rtPA with complete
recanalization. DWI images and ADC maps demonstrate acute ischemia involving the left caudate body, corona radiata,
and frontal subcortical white matter. Follow-up T2-weighted images demonstrate hyperintensity, consistent with in-
farction in the frontal subcortical white matter and part of the caudate body and corona radiata. However, part of the
corona radiata (white arrow) and caudate body appear normal on the follow-up T2-weighted images
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Since ADC values can mark the severity and extent
of ischemia, a number of investigators have assessed
the value of the ADC in predicting HT (Fig. 7.13). Se-
lim et al. [54] demonstrated that the volume of the
initial DWI lesion and the absolute number of voxels
with ADC value ≤550 ¥ 10–6 mm2s correlated with HT
of infarctions treated with intravenous t-PA [54].
Tong et al. [55] demonstrated that the mean ADC of
ischemic regions that experienced HT was signifi-
cantly lower than the overall mean ADC of all
ischemic areas analyzed [(510±140)×10–6 mm2 · s–1

versus (623±113)×10–6 mm2 · s–1]. There was also a
significant difference when comparing the HT-des-
tined ischemic areas with non-HT-destined areas
within the same ischemic lesion (P=0.02). Oppen-
heim et al. [56] demonstrated 100% sensitivity and
71% specificity for predicting hemorrhagic transfor-

mation when they divided infarcts into those with a
mean ADC core of less than 300×10–6 mm2 · s–1 versus
those with a mean ADC core of greater than
300×10–6 mm2 · s–1) [56]. Other imaging parameters
predictive of HT include
1. Hypodensity in greater than one-third of the MCA

territory on CT [57].
2. Early parenchymal enhancement on gadolinium-

enhanced T1-weighted images [58].
3. Ischemic brain tissue with a CBF less than 35% of

the normal cerebellar blood flow on SPECT imag-
ing [59].

4. CBF ratio of less than 0.18 on MR perfusion imag-
ing [60].

5. Prior microbleeds detected on T2* gradient echo
[61].

Table 7.5. Factors associated with hemorrhagic transformation. (CBF Cerebral blood flow, MCA middle cerebral artery, NIHSS
National Institutes of Health Stroke Scale)

Clinical High NIHSS
Low platelets
High glucose
Hypertension

Vascular Good collateral vessels
Early reperfusion
Embolic stroke

Therapy Anticoagulation
Thrombolytic therapy

Imaging parameters Larger volume of the initial DWI abnormality

Higher percentage of pixels with ADC <550×10–6 mm2/s

Hypodensity in greater than one-third of the MCA territory on CT

Early parenchymal enhancement

Prior microbleeds detected on T2* gradient echo images

Very low CBF on SPECT and MR perfusion imaging
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Figure 7.13

Acute ischemic stroke with hemorrhagic transformation. Patient is 76-year-old male with left-sided hemiplegia, treated
with i.a. rtPA.There is an acute stroke (DWI hyperintense, ADC hypointense) involving the right insula, subinsular region,
basal ganglia, and deep white matter. Note the profound reduction in ADC and cerebral blood flow (CBF) in the basal
ganglia and deep white matter (white arrows) where there is hemorrhagic transformation on follow-up CT (F/U CT).
Follow-up CT also demonstrates extension of the infarction into the right parietal but not into the right frontal portion
of the ischemic penumbra
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7.9 Diffusion Tensor Imaging

The physical principles of diffusion tensor imaging
(DTI) are discussed in the Section 7.2.1 above.DTI al-
lows the calculation of three parameters that all may
be useful in the evaluation of acute ischemic stroke
(Table 7.6).
1. The trace of the diffusion tensor [Tr(ADC)] or the

average diffusivity, <D> (<D> = (l1+l2+l3)/3
where l1, l2, and l3 are the eigenvalues of the dif-
fusion tensor] that calculates the overall diffusion
in a tissue region, independent of direction [62].

2. Indices of diffusion anisotropy, such as fractional
anisotropy (FA) or the lattice index (LI), that cal-
culate of the degree of differences in diffusion in
different directions [2, 63].

3. Fiber orientation mapping that provides informa-
tion on white matter tract structure, integrity, and
connectivity [64–66].

Because DTI has a relatively high signal-to-noise ra-
tio, measurement of average diffusivity, <D>, has
provided new information on differences between
gray and white matter diffusion that were not appre-
ciable with the measurement of diffusion along three
orthogonal directions [67, 68]. A number of studies
have demonstrated that <D> decreases are greater in
white matter versus gray matter in the acute and sub-
acute periods and that <D> increases are much high-
er in white matter versus gray matter in the chronic
period.Furthermore,<D> images may detect regions
of reduced white matter diffusion that appeared nor-
mal on diffusion-weighted images.While gray matter
is typically considered to be more vulnerable to is-
chemia than white matter, recent animal experiments
have demonstrated that severe histopathologic
changes can occur in white matter as early as 30 min
after acute stroke onset.Also, reduced bulk water mo-
tion from cytoskeletal collapse and disruption of fast
axonal transport, which do not exist in gray matter,
may occur in white matter.

Table 7.6. Diffusion tensor imaging

Parameters measured 1. Trace of the diffusion tensor [Tr(ADC)] or the average diffusivity calculates 
overall diffusion in a tissue region, independent of direction

2. Indices of diffusion anisotropy – fractional anisotropy (FA) and lattice index (LI),
calculate the degree of differences in diffusion in different directions

3. Fiber orientation mapping provides information on white matter tract structure,
integrity and connectivity

Tr(ADC) Discriminates differences in gray versus white matter diffusion

<D> decreases greater in WM versus GM in acute and subacute periods

<D> increases much more in white matter than in gray matter in the chronic period

FA Correlates with stroke onset time

Elevated for up to 12 hours and then decreases over time

Correlates inversely with T2 change

Three temporal stages in stroke evolution:
Increased FA and reduced ADC
Decreased FA and decreased ADC
Decreased FA and elevated ADC

Fiber orientation mapping Can detect Wallerian degeneration prior to conventional images

May be useful in predicting motor function at outcome
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Diffusion anisotropy refers to the principle that
water diffusion is different in different directions due
to tissue structure [69, 70]. Gray matter has relatively
low diffusion anisotropy. In white matter, diffusion is

much greater parallel than perpendicular to white
matter tracts, in part because white matter has high-
ly organized tract bundles [62, 69, 71, 72]. Oligoden-
drocyte concentration and fast axonal transport may

Figure 7.14

Temporal evolution of fractional anisotropy (FA) changes in acute ischemic stroke. A 50-year-old male with left hemi-
paresis was examined at 5 h, 3 days, and 3 months after onset. At 5 h (row 1), the right putamen stroke (arrow) is hyperin-
tense on FA images,hyperintense on DWI images,hypointense on ADC images and is not seen on echo planar T2-weight-
ed images (EPI T2).These findings are consistent with the first stage of FA changes in stroke described by Yang et al. [76].
After 3 days (row 2), the lesion is hypointense on FA images, hyperintense on DWI images, hypointense on ADC images,
and hyperintense on T2-weighted images. These findings are consistent with the second stage of FA changes in stroke
described by Yang et al. [76]. At 3 months (row 3), the lesion is hypointense on FA images, hypointense on DWI images,
hyperintense on ADC images, and hyperintense on T2-weighted images.These findings are consistent with third stage of
FA changes in stroke described by Yang et al. [76]
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also contribute to diffusion anisotropy. In addition, it
is thought that the intracellular compartment is more
anisotropic while the extracellular compartment is
less anisotropic [73]. Sources of anisotropy in the in-
tracellular compartment could be the presence of mi-
crotubules, organelles, and intact membranes [74].

In the acute stroke setting, FA correlates with time
of stroke onset [75, 76]. In general, FA is elevated in
the hyperacute and early acute periods, becomes re-
duced at 12–24 h and progressively decreases over
time. However, there are different temporal rates of
stroke progression and a number of investigators
have demonstrated that there is heterogeneity be-
tween lesions and within lesions of FA evolution [75,
76]. Yang et al. [76] described three temporally relat-

ed different phases in the relationship between FA
and ADC (Fig. 7.14). Increased FA and reduced ADC
characterize the initial phase, reduced FA and re-
duced ADC characterize the second phase, and re-
duced FA with elevated ADC characterize the more
chronic third phase [76]. Furthermore, FA inversely
correlates with T2 signal change [77].

These changes can be explained as follows. As cy-
totoxic edema develops, there is shift of water from
the extracellular to the intracellular space, but cell
membranes remain intact and there is yet to be an
overall increase in tissue water. This would explain
elevated FA, reduced ADC, and normal T2. As the
ischemic insult progresses, cells lyse, the glial reaction
occurs and there is degradation of the blood–brain

Figure 7.15

Wallerian degeneration in the
right corticospinal tract 3 months
after an infarction in the right
MCA territory. Fractional aniso-
tropy (FA) images demonstrate
hypointensity secondary to re-
duced FA in the right corti-
cospinal tract (arrow)
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barrier, and an overall increase in tissue water, pre-
dominantly in the extracellular space. This would ex-
plain reduced FA, elevated ADC, and elevated T2. Re-
duced FA, reduced ADC, and elevated T2 may occur
when there is an overall increase in tissue water but
the intracellular fraction is still high enough to cause
reduced ADCs and the extracellular portion is high
enough to cause reduced FAs. Other factors, such as
loss of axonal transport, loss of cellular integrity, and
decreases in interstitial fluid flow, may contribute to
decreases in FA over time.

A number of studies have demonstrated that the
decreases in FA associated with ischemia are signifi-
cantly greater in white matter compared with gray

matter [68, 76]. The reason for these differences like-
ly relates to the structural differences between gray
and white matter. In the white matter extracellular
space, there are dense arrays of parallel white matter
tracts. With acute ischemia, the diffusion decrease is
much greater in l1, the eigenvalue that coincides with
the long axis of white matter fiber tracts, compared
with the other eigenvalues. In the gray matter extra-
cellular space there is a meshwork. With acute is-
chemia, the diffusion decrease is similar between
eigenvalues.

Investigators are beginning to evaluate how
strokes affect adjacent white matter tracts. Fiber ori-
entation mapping can detect Wallerian degeneration

Figure 7.16

A 70-year-old male with acute left hemiparesis secondary to hypertensive hemorrhage. Diffusion tensor tractography
images demonstrate disruption of the right corticospinal tract
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prior to conventional images and may be useful in
predicting motor function at outcome (Figs. 7.15,
7.16). One study demonstrated that FA is significant-
ly decreased in the internal capsules and corona radi-
ata in acute stroke patients with moderate to severe
hemiparesis versus patients with no or mild hemi-
paresis [78]. Another study of subacute stroke pa-
tients demonstrated a significant reduction in the
eigenvalues perpendicular to the axial imaging plane
at 2–3 weeks in eight patients with poor recovery fol-
lowing acute stroke, but not in eight patients with
good recovery [79]. In the chronic period, DTI can
distinguish between a primary stroke and a region of
Wallerian degeneration. A primary chronic stroke
has reduced FA and elevated mean diffusivity, while
the corticospinal tract has reduced FA but preserved
or only slightly elevated mean diffusivity [80].

7.10 Correlation with Clinical Outcome

A number of studies have shown how DWI can be
used to predict clinical outcome. Some studies have
demonstrated statistically significant correlations
between the acute anterior circulation DWI and ADC
lesion volume and both acute and chronic neurolog-
ical assessment tests including the NIHSS, the Cana-
dian Neurological Scale, the Glasgow Outcome Score,
the Barthel Index, and the Modified Rankin Scale [25,
81–87]. Correlations between DWI and ADC volume
and clinical outcome range from r=0.65 to 0.78. In
general, correlations are stronger for cortical strokes
than for penetrator artery strokes [25, 83]. Lesion lo-
cation may explain this difference. For example, a
small ischemic lesion in the brainstem could produce
a worse neurologic deficit than a cortical lesion of the
same size. In fact, one study of posterior circulation
strokes showed no correlation between initial DWI
lesion volume and NIHSS [88]. A significant correla-
tion has also been reported between the acute ADC
ratio (ADC of lesion/ADC of normal contralateral
brain) and chronic neurologic assessment scales [25,
81]. Furthermore, one study demonstrated that pa-
tients with a mismatch between the initial NIHSS
score (>8) and the initial DWI lesion volume
(<25 ml) had a higher probability of infarct growth

and early neurologic deterioration [89]. Another
demonstrated that, for ICA and MCA strokes, a DWI
volume greater than 89 cm3 was highly predictive
[receiver operating characteristic (ROC) curve with
85.7% sensitivity and 95.7% specificity] of early neu-
rologic deterioration [90].

7.11 Stroke Mimics

These syndromes generally fall into four categories:
(1) nonischemic lesions with no acute abnormality
on routine or diffusion-weighted images; (2) is-
chemic lesions with reversible clinical deficits which
may have imaging abnormalities; (3) vasogenic ede-
ma syndromes which may mimic acute infarction
clinically and on conventional imaging; (4) other en-
tities with decreased diffusion.

7.12 Nonischemic Lesions 
with No Acute Abnormality on Routine 
or Diffusion-Weighted Images

Nonischemic syndromes that present with signs and
symptoms of acute stroke but have no acute abnor-
mality identified on DWI or routine MR images in-
clude peripheral vertigo, migraines, seizures, demen-
tia, functional disorders, and metabolic disorders.
The clinical deficits associated with these syndromes
are usually reversible. If initial imaging is normal and
a clinical deficit persists, repeat DWI should be ob-
tained [36]. False-negative DWI and perfusion-
weighted images (PWI) occur in patients with small
brainstem or deep gray nuclei lacunar infarctions.

7.13 Syndromes with Reversible Clinical
Deficits that may have Decreased Diffusion

7.13.1 Transient Ischemic Attack

An acute neurologic deficit of presumed vascular eti-
ology that resolves within 24 h is defined as a tran-
sient ischemic attack (TIA). Of patients with TIAs,
21–48% have DWI hyperintense lesions, consistent
with small infarctions [91–94] (Fig. 7.17). These le-
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sions are usually less than 15 mm in size and are in
the clinically appropriate vascular territory. In one
study, 20% of the lesions were not seen at follow-up;
the lesions could have been too small to see on fol-
low-up conventional MRI due to atrophy or they
could have been reversible [92]. The small DWI le-
sions are most likely not the cause of the patient’s
symptoms, but may represent markers of a more
widespread reversible ischemia. Reported statistical-
ly significant independent predictors of lesions with
decreased diffusion on DWI are previous nonstereo-
typic TIA, cortical syndrome, an identified stroke
mechanism, TIA duration greater than 30 min, apha-
sia, motor deficits, and disturbance of higher brain
function [91, 92, 94, 95]. One study demonstrated an
increased stroke risk in patients with TIAs and ab-
normalities on DWI [93]. In another study, the infor-
mation obtained from DWI changed the suspected
localization of the ischemic lesion as well as the
suspected etiologic mechanism in over one-third of
patients [92].

7.13.2 Transient Global Amnesia

Transient global amnesia (TGA) is a clinical syn-
drome characterized by sudden onset of profound
memory impairment resulting in both retrograde
and anterograde amnesia without other neurological
deficits. The symptoms typically resolve in 3–4 h.
Many patients with TGA have no acute abnormality
on conventional or diffusion-weighted images [96].A
number of studies, however, have reported punctate
lesions with decreased diffusion in the medial hip-
pocampus, the parahippocampal gyrus, and the sple-
nium of the corpus callosum [97–100] (Fig. 7.18).
Follow-up T2-weighted sequences in some patients
have shown persistence of these lesions that the
authors concluded were small infarctions. One study,
however, reported more diffuse and subtle DWI hy-
perintense lesions in the hippocampus that resolved
on follow-up imaging [101]. The authors concluded
that this phenomenon might be secondary to spread-
ing depression rather than reversible ischemia. One
more recent study demonstrated that the detection of
DWI changes in TGA is delayed [102]; the authors ob-

Figure 7.17

Transient ishcemic attack. Patient is 57-year-old male with transient right hand, arm and leg weakness and numbness.
DWI images demonstrate punctate hyperintense lesions, consistent with acute infarctions, in the left occipital, parietal
and frontal lobes (white arrows)
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served DWI abnormalities in only 2/31 patients with
TGA in the hyperacute phase, but at 48 hours, 26/31
patients had DWI abnormalities in the hippocampus.
It is currently unclear whether the TGA patients with
DWI abnormalities have a different prognosis, or dif-
ferent etiologic mechanism or whether they should
be managed differently compared to TGA patients
without DWI abnormalities.

7.14 Vasogenic Edema Syndromes

Patients with these syndromes frequently present
with acute neurologic deficits, which raise the ques-
tion of acute ischemic stroke (Table 7.7). Further-
more, conventional imaging cannot reliably differen-
tiate cytotoxic from vasogenic edema because both
types of edema produce T2 hyperintensity in gray
and/or white matter. Diffusion MR imaging has be-
come essential in differentiating these syndromes
from acute stroke because it can reliably distinguish
vasogenic from cytotoxic edema. While cytotoxic
edema is characterized by decreased diffusion, vaso-

genic edema is characterized by elevated diffusion
due to a relative increase in water in the extracellular
compartment [103–105].Vasogenic edema is charac-
teristically hypointense to slightly hyperintense on
DWI images because these images have both T2 and
diffusion contributions.Vasogenic edema is hyperin-
tense on ADC maps and hypointense on exponential
images while cytotoxic edema is hypointense in ADC
maps and hyperintense on exponential images.

7.14.1 Posterior Reversible Encephalopathy
Syndrome (PRES)

PRES is a syndrome that occurs secondary to loss 
of cerebral autoregulation and capillary leakage in
association with a variety of clinical entities [106].
These include acute hypertension; treatment with
immunosuppressive agents such as cyclosporin and
tacrolimus; treatment with chemotherapeutic agents
such as intrathecal methotrexate, cisplatin and inter-
feron alpha interferon; and hematologic disorders
such as hemolytic uremic syndrome, thrombotic
thrombocytopenia purpura, acute intermittent por-

Figure 7.18

Transient global amnesia. Patient is 77-year-old female with acute global amnesia that resolved within 24 h. There is 
a punctate DWI and T2 hyperintense and ADC hypointense lesion in the left medial temporal lobe (arrows). The lesion
persists on follow-up FLAIR images
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phyria and cryoglobulinemia [107–118]. Typical pre-
senting features are headaches, decreased alertness,
altered mental status, seizures, and visual loss includ-
ing cortical blindness.

The pathophysiology is not entirely clear [105,
119]. The predominant hypothesis is that markedly
increased pressure and/or toxins damage endothelial
tight junctions. This leads to extravasation of fluid
and the development of vasogenic edema. Another
less likely possibility, based on angiographic findings
of narrowings in medium- and large-sized vessels, is
that vasospasm is the major pathophysiologic mech-
anism.

T2- and FLAIR-weighted sequences typically
demonstrate bilateral symmetric hyperintensity and
swelling in subcortical white matter and overlying
cortex in the occipital, parietal, and posterior tempo-
ral lobes as well as the posterior fossa. The posterior
circulation predominance is thought to result from
the fact that there is less sympathetic innervation
(which supplies vasoconstrictive protection to the
brain in the setting of acute hypertension) in the pos-
terior compared with the anterior circulation. How-
ever, anterior circulation lesions are not uncommon,
and are frequently in a borderzone distribution.

Acutely, DWI usually show elevated and less fre-
quently normal diffusion (Fig. 7.19). Rarely, there are
small foci of decreased diffusion. This is helpful since
posterior distribution lesions can mimic basilar tip
occlusion with arterial infarctions, and borderzone
anterior circulation lesions can mimic watershed
infarctions both clinically and on T2-weighted se-
quences.Arterial and watershed infarctions are char-
acterized by decreased diffusion. The clinical deficits
and MR abnormalities are typically reversible. How-
ever, rare small areas of decreased diffusion that
progress to infarction have been observed and, in
some cases, tissue initially characterized by elevated
or normal diffusion progresses to infarction [120].

7.14.2 Hyperperfusion Syndrome Following
Carotid Endarterectomy

In rare cases following carotid endarterectomy,
patients may develop a hyperperfusion syndrome
[121]. Patients typically present with seizures, but
may have focal neurologic deficits. T2-weighted
images demonstrate hyperintensity in frontal and
parietal cortex and subcortical white matter that 
may mimic arterial infarction. However, unlike 

Table 7.7. Stroke mimics 

Nonischemic syndromes that present with signs 
and symptoms of acute stroke but have no acute 
abnormality identified on DWI or routine MR images

Peripheral vertigo
Migraines
Seizures
Dementia
Functional disorders
Amyloid angiopathy
Metabolic disorders

Syndromes with reversible clinical deficits 
that may have decreased diffusion

Transient ischemic attacks 
– 21–48% with DWI-hyperintense lesions
– DWI-hyperintense lesions associated 

with increased stroke risk
– DWI-hyperintense lesions change the suspected 

localization of the ischemic lesion as well 
as the suspected etiologic mechanism 
in over one-third of patients

Transient global amnesia
– Punctate lesions with decreased diffusion 

in the hippocampus, the parahippocampal gyrus,
and the splenium of the corpus callosum

– Some lesions appear at later time points
– Some lesions resolve
– Question of ischemic versus spreading 

depression mechanism

Vasogenic edema/capillary leak syndromes

Syndromes
– Posterior reversible encephalopathy syndrome
– Hyperperfusion syndrome post carotid 

endarterectomy
Conventional MR imaging findings

– T2 hyperintensity in gray and/or white matter 
that may mimic acute stroke

DWI findings
– Elevated diffusion secondary to vasogenic edema
– May have peripheral cytotoxic edema due 

to mass effect and capillary compression
– Occasionally have vasogenic edema followed 

by cytotoxic edema in the whole lesion
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Figure 7.19

Posterior reversible encephalopathy syndrome. Patient is 64-year-old female with mental status changes. FLAIR images
demonstrate hyperintense lesions in the bilateral parietal occipital regions that suggest acute infarctions (arrows). The
lesions are isointense on DWI images, hyperintense on ADC images, and hypointense on exponential images. These
diffusion MR characteristics are consistent with vasogenic edema

Figure 7.20

Hyperperfusion syndrome following carotid endarterectomy (CEA). Patient is 79-year-old female 1 week after CEA,
with status epilepticus.T2-weighted image demonstrates gray and white matter hyperintensity in the left frontal lobe,
suggestive of acute infarction.There is no decreased diffusion on the DWI images. ADC maps (not shown) demonstrated
elevated diffusion, consistent with vasogenic edema. 3D time-of-flight MRA demonstrates increased flow-related
enhancement in the left middle cerebral artery territory
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acute infarctions, the lesions have elevated diffusion
(Fig. 7.20). Also, there may be increased rather than
diminished flow-related enhancement in the ipsilat-
eral MCA. It is thought that, similar to PRES, in-
creased pressure damages endothelial tight junc-
tions, leading to a capillary leak syndrome and devel-
opment of vasogenic edema.

7.14.3 Other Syndromes

Rarely, other disease entities such as human immun-
odeficiency virus (HIV) or other viral encephalo-
pathies, tumor, and acute demyelination can present
with acute neurologic deficits and patterns of edema
on conventional images suggestive of stroke. Similar
to PRES and hyperperfusion syndrome following
carotid endarterectomy, DWI show increased diffu-
sion.

7.15 Other Entities with Decreased Diffusion

A number of other entities have decreased diffusion
[37] (Table 7.8). These include acute demyelinative
lesions with decreased diffusion due to myelin vac-
uolization; some products of hemorrhage (oxyhemo-
globin and extracellular methemoglobin); herpes en-
cephalitis with decreased diffusion due to cytotoxic
edema from cell necrosis; diffuse axonal injury with
decreased diffusion due to cytotoxic edema or axoto-
my with retraction ball formation; abscess with de-
creased diffusion due to the high viscosity of pus; tu-
mors such as lymphoma and small round cell tumors
with decreased diffusion due to dense cell packing;
and Creutzfeldt–Jakob disease with decreased diffu-
sion from myelin vacuolization. When these lesions
are reviewed in combination with routine T1-,
FLAIR-, T2- and gadolinium-enhanced T1-weighted
images, they are usually readily differentiated from
acute infarctions. However, occasionally diffusion
and conventional imaging cannot distinguish be-

Table 7.8. Other entities that may show restricted diffusion

Disease Possible pathophysiologic basis for decreased diffusion

Herpes virus encephalitis Necrotizing meningoencephalitis with cytotoxic edema

Creutzfeldt–Jakob disease Spongiform change with myelin vacuolization

Diffuse axonal injury Cytotoxic edema or axonal retraction balls

Hypoglycemia Cytotoxic edema

Lymphoma, medulloblastoma High tumor cellularity

Bacterial abscess Viscous pus

Hemorrhage – oxyhemoglobin Oxyhemoglobin – cell membranes intact
and extracellular methemoglobin Extracellular methemoglobin – undetermined

Acute multiple sclerosis Increased inflammatory infiltrate, myelin vacuolization
or acute disseminated encephalomyelitis

Epidermoid tumors Tumor cellularity

Venous sinus thrombosisa Cytotoxic edema

Transient global amnesiaa Cytotoxic edema or spreading depression

Seizurea Cytotoxic edema 

Hemiplegic migrainea Cytotoxic edema or spreading depression

a May be reversible
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tween a single demyelinative lesion or nonenhancing
tumor and an acute stroke. In these situations, spec-
troscopy may be helpful.

7.16 Venous Infarction

Cerebral venous sinus thrombosis (CVT) is a rare
condition that affects fewer than 1 in 10,000 people
(Table 7.9). The most common presenting signs and
symptoms are headache, seizures, vomiting, and pa-
pilledema.Visual changes, altered consciousness, cra-
nial nerve palsies, nystagmus, and focal neurologic
deficits are also relatively common. Predisposing fac-
tors are protein C and S deficiencies; malignancies;
pregnancy; medications such as oral contraceptives,
steroids, and hormone replacement therapy; collagen
vascular diseases; infection; trauma; surgery; and
immobilization [122].

The pathophysiology of CVT is not completely
clear [123–134]. Venous obstruction results in in-
creased venous pressure, increased intracranial pres-
sure, decreased perfusion pressure, and decreased
cerebral blood flow. Increased venous pressure may
result in vasogenic edema from breakdown of the
blood–brain barrier and extravasation of fluid into
the extracellular space. Blood may also extravasate
into the extracellular space. Severely decreased blood
flow may also result in cytotoxic edema associated
with infarction. Increases in CSF production and
resorption have also been reported.

Parenchymal findings on imaging correlate with
the degree of venous pressure elevation [135]. With
mild to moderate pressure elevations, there is
parenchymal swelling with sulcal effacement but
without signal abnormality. As pressure elevations
become more severe, there is increasing edema and
development of intraparenchymal hemorrhage. Su-
perior sagittal sinus thrombosis is characterized by
bilateral parasagittal T2-hyperintense lesions involv-
ing cortex and subcortical white matter. Transverse
sinus thrombosis results in T2-hyperintense signal
abnormality involving temporal cortex and subcorti-
cal white matter. Deep venous thrombosis is charac-
terized by T2-hyperintense signal abnormalities in
the bilateral thalami and sometimes the basal gan-

glia. Hemorrhage is seen in up to 40% of patients
with CVT [136, 137] and is usually located at gray
white matter junctions or within the white matter.

DWI has proven helpful in the differentiation of
venous from arterial infarction and in the prediction
of tissue outcome (Figs. 7.11, 7.21). T2-hyperintense

Table 7.9. Cerebral venous sinus thrombosis

Clinical

Headache
Seizure
Vomiting
Papilledema

Pathophysiology

Increased venous pressure leads to vasogenic edema
from blood–brain barrier breakdown and fluid 
extravasation into the extracellular space

Increased venous pressure leads to increased 
intracranial pressure, decreased perfusion pressure,
decreased cerebral blood flow, and cytotoxic edema

Conventional MR imaging

Hydrocephalus
Parenchymal swelling with sulcal effacement
Intraparenchymal edema
Intraparenchymal hemorrhage
Venous clot

Diffusion MR imaging of T2-hyperintense 
parenchymal lesions

Lesions with elevated diffusion due 
to vasogenic edema resolve

Lesions with decreased diffusion due to cytotoxic dema
that resolve – resolution may be related to 
early drainage of blood through collateral pathways 
or to seizure activity

Lesions with decreased diffusion due 
to cytotoxic edema that persists

Heterogeneous lesions due to combination 
of vasogenic and cytotoxic edema

Treatment

Heparin

Intravascular thrombolysis for patients 
with rapidly progressive brain swelling
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lesions may have decreased diffusion, elevated diffu-
sion or a mixed pattern. Lesions with elevated diffu-
sion are thought to represent vasogenic edema and
usually resolve. Lesions with decreased diffusion are
thought to represent cytotoxic edema. Unlike arterial
stroke, some of these lesions resolve and some per-
sist. Resolution of lesions with decreased diffusion
may be related to better drainage of blood through
collateral pathways in some patients. In one paper,
lesions with decreased diffusion that resolved were
only seen in patients with seizure activity [138].

7.17 Conclusion

Diffusion MR imaging has vastly improved evalua-
tion of acute ischemic stroke. It is highly sensitive
and specific in the detection of acute ischemic stroke
at early time points when CT and conventional MR
sequences are unreliable. The initial DWI lesion is
thought to represent infarct core and usually pro-
gresses to infarction unless there is early reperfusion.
The initial DWI lesion volume and ADC ratios corre-

Figure 7.21

Superior sagittal, right transverse, and right sigmoid sinus thrombosis with parenchymal lesions characterized by vaso-
genic and cytotoxic edema. Patient is 31-year-old male with severe headache and vomiting. MR venogram (not shown)
demonstrated thrombosis of the superior sagittal, right transverse, and right sigmoid sinuses.The T2-hyperintense right
cerebellar lesion has decreased diffusion (DWI hyperintense and ADC hypointense), consistent with cytotoxic edema
(short white arrow).The lesion is present at follow-up.The T2-hyperintense right occipital parietal lesion has elevated dif-
fusion (DWI isointense, ADC hyperintense), consistent with vasogenic edema (long white arrow). It is no longer present at
follow-up
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late highly with final infarct volume as well as with
acute and chronic neurologic assessment tests. ADC
values may be useful in differentiating tissue des-
tined to infarct from tissue that is ischemic but po-
tentially salvageable with reperfusion therapy. ADC
values may also be useful in determining tissue at
risk of undergoing hemorrhagic transformation fol-
lowing reperfusion therapy.Diffusion tensor imaging
can delineate the differences in responses of gray ver-
sus white matter to ischemia. Fractional anisotropy
may be important in determining stroke onset time
and tractography provides early detection of Waller-
ian degeneration that may be important in determin-
ing prognosis. Finally, diffusion MR imaging can de-
termine which patients with transient ischemic at-
tack are at risk for subsequent large vessel infarction
and can reliably differentiate stroke from stroke
mimics. With improvements in MR software and
hardware, diffusion MR will undoubtedly continue to
improve our management and treatment of acute
stroke patients.
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8.1 Introduction

Perfusion describes the circulation of blood through
a vascular bed within living tissue, so that oxygen,
nutrients, and waste products may be exchanged 
via capillary walls. Accordingly, perfusion-weighted
magnetic resonance imaging (PWI) describes tech-
niques that study perfusion by visually depicting
hemodynamic conditions at the microvascular level.
This is in contrast to other vascular MR imaging
techniques,notably magnetic resonance angiography
(MRA), that depict the flow of blood in larger, macro-
scopically visible vessels. Ischemic damage to brain
tissue is caused most directly by impairments in mi-
crovascular perfusion, rather than by events occur-
ring in large vessels. Therefore, PWI uniquely offers
the ability to guide acute stroke therapy by identify-
ing regions of brain tissue that are threatened by
impaired perfusion, though not yet irreversibly
damaged, and that consequently may be rescued by
timely initiation of thrombolytic or neuroprotective
therapy.

The first portion of this chapter reviews tech-
niques that are currently used for performing PWI in
the clinical setting, including applicable pulse se-
quences, contrast agents, and post-processing tech-
niques. Subsequently, we discuss strategies for incor-
porating the information provided by PWI into clin-
ical decision-making.

Perfusion MRI 
of Acute Stroke
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8.2 Dynamic Susceptibility Contrast Imaging

PWI studies blood flow within vessels that are orders
of magnitude smaller than image voxels; therefore,
all PWI techniques rely on measurement of the con-
centration within each voxel of a contrast agent that
is dissolved in the blood. In current clinical practice,
the great majority of PWI studies are performed us-
ing contrast agents based upon the gadolinium ion.
Images are acquired dynamically before, during, and
after the injection of a bolus of a gadolinium-based
contrast agent, and these images are used to track the
bolus, and therefore the blood in which it is dis-
solved, as it passes through the microvasculature of
the brain.

The free gadolinium ion is toxic, and it is therefore
tightly chelated to a relatively large molecule in all
available gadolinium-based contrast agents. When
injected intravenously, these gadolinium chelates can
exit the bloodstream and enter the interstitial space
within most body tissues. However, they are too large
and polarized to cross the blood–brain barrier. This
fact is exploited by conventional gadolinium-en-
hanced MR imaging, in which T1-weighted images
are acquired several minutes after injection of the
contrast agent. Disruptions of the blood–brain barri-
er due to conditions such as inflammation or neo-
plasm result in persistence of gadolinium in the in-
terstitial space, with resultant shortening of T1 relax-
ation, and hyperintensity on post-contrast T1-
weighted images.

The T1 relaxivity effect of gadolinium operates
over extremely short distances, and water spins must
approach within a few micrometers of a gadolinium
ion in order to experience a significant change in T1
relaxation. Such close approximation of water spins
and gadolinium is frequent when gadolinium is
present in the interstitial space, but is much more
rare when an intact blood–brain barrier confines
gadolinium to the intravascular compartment, which
occupies approximately 4% of tissue volume in gray
matter, and 2% in white matter. If the T1 relaxivity
effect were used to provide the basis for image con-
trast in PWI, at most only 4% of spins would exhibit
any difference in signal intensity, and the ability of

PWI to measure differences in perfusion would be
limited.

In order to provide improved ability to measure
changes in the concentration of gadolinium as it
passes through the cerebral vasculature, most PWI
techniques in current clinical use rely on dynamic
susceptibility contrast (DSC) imaging, in which im-
age contrast is based on gadolinium’s magnetic sus-
ceptibility effect, rather than its T1 relaxivity effect
[1]. Magnetic susceptibility refers to the propensity
of some species with a magnetic moment to align
with an externally applied magnetic field, resulting in
small, nonuniform local intensifications of the mag-
netic field. When present in high enough concentra-
tions, gadolinium ions confined within a cerebral
blood vessel create a magnetic susceptibility effect
that results in substantial loss of signal on T2*-
weighted images, which extends over a distance com-
parable in magnitude to the diameter of the blood
vessel.

Acquisition of high-quality DSC data requires rap-
id injection of a gadolinium-based contrast agent,
usually using a mechanical power injector. It also re-
quires a pulse sequence capable of repeatedly acquir-
ing T2*-weighted images rapidly enough that the
concentration of gadolinium within each tissue voxel
can be sampled with sufficient temporal resolution,
typically every 1–2 s. This can be accomplished for a
single image slice by most medium-field or high-field
MRI scanners. However, in order to perform multi-
slice PWI, it is necessary to use a fast imaging tech-
nique such as echo planar imaging (EPI), with which
interleaved images of many tissue slices can be ob-
tained within a single repetition time (TR).

Both EPI spin-echo and EPI gradient-echo se-
quences have been used successfully for PWI. Gradi-
ent-echo images have the disadvantage of dispropor-
tionately weighting the contribution of gadolinium
in relatively large vessels, whereas spin-echo images
provide a more accurate assessment of blood flow
through vessels of all sizes. Therefore, spin-echo im-
aging allows for more accurate assessment of hemo-
dynamic conditions in the capillary bed,which is the-
oretically of greatest interest in stroke imaging [2].
However, the 180° radiofrequency pulse in spin-echo
sequences renders spin-echo images less sensitive to
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susceptibility effects, resulting in a reduction in con-
trast-to-noise ratio [3]. For this reason, most institu-
tions use an EPI gradient-echo sequence for PWI.
Our PWI sequence is described in detail in Table 8.1,
and enables imaging of virtually the entire brain
every 1.5 s. Our sequence requires 69 s of imaging
time, and uses a standard dose of 20 ml of contrast
material injected at 5 ml/s.

8.3 PWI Using Endogenous Contrast Agents

MRI is unlike x-ray computed tomography or ra-
dionuclide imaging, in that, theoretically, MRI can be
used for totally noninvasive perfusion imaging using
endogenous contrast agents that are already present
within the blood. Two such approaches have been
successful in the laboratory. In the first, the endoge-
nous contrast agent is deoxyhemoglobin, which, like
gadolinium, is paramagnetic, and therefore has simi-
lar effects on MR images. Deoxyhemoglobin-based
techniques such as BOLD (blood oxygen level de-

pendent) have been shown to be a reliable method of
perfusion imaging in numerous experimental brain
activation studies [4]. However, variations in signal
resulting from changes in local deoxyhemoglobin
concentrations are small, approximately 1% at usual
field strengths. As a result, these techniques generally
require very long imaging times that would be im-
practical for clinical imaging, especially in the setting
of acute stroke. Furthermore, they rely upon extrac-
tion of oxygen by brain tissue to produce deoxyhe-
moglobin, a process which may not reliably remain
intact under ischemic conditions.

A second approach to noninvasive PWI utilizes the
protons within blood as an endogenous contrast
agent. In this approach, called arterial spin labeling
(ASL), a pre-imaging radiofrequency pulse is used to
invert the spins within blood before it flows into the
imaged portion of the brain [5, 6]. Because it does not
require an exogenous contrast agent, ASL offers sev-
eral potential advantages over DSC in the clinical set-
ting. These include lower cost, lack of adverse reac-
tions to injected contrast material, and the ability to
perform a perfusion examination repeatedly during
a short time, in order to assess the effects of throm-
bolytic drugs, induced changes in blood pressure, or
other therapeutic interventions. However,ASL suffers
from an intrinsic technical limitation, in that the
change in spin orientation produced by the inversion
pulse decays quickly as a result of T1 relaxation. Be-
cause T1 relaxation is very rapid in comparison to the
time it takes for blood to flow from an inverted slice
to an imaged slice of the brain, the signal changes
produced by labeled blood are small in magnitude.
Furthermore, because many ASL pulse sequences are
relatively time-consuming, they can be very suscepti-
ble to artifacts related to patient motion, and multi-
slice imaging can be especially challenging. These
limitations are being addressed by ongoing advances
in pulse sequence design [7, 8], and by the increasing
availability of high-field magnets, which increase the
T1 of blood and therefore increase the detectable sig-
nal change resulting from spin inversion.

At the present time, DSC remains the preferred
PWI method at nearly all clinical centers, and subse-
quent discussion of PWI post-processing methods
will refer solely to those used for DSC imaging.

Table 8.1. Gradient echo-planar perfusion-weighted imag-
ing parameters. (TE Echo time, TR repetition time)

Sequence Single-shot echo-planar
gradient echo

TR 1500 ms

TE 40 ms

Flip angle 60°

Field of view 22 cm

Matrix 128×128

Slice thickness 5 mm

Interslice gap 1 mm

Number of slices 16

Number of time points 46

Contrast material 
gadopentetate dimeglumine 20 ml

Injection rate 5 ml/s

Injection delay Injection begins 10 s 
after imaging begins
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Figure 8.1

Dynamic susceptibility contrast images. These images were acquired during the injection of a bolus of gadolinium.
Parenchymal signal intensity decreases as the bolus passes through the microvasculature, then increases again as the
bolus washes out. Note that there is an area of severely diminished cerebral blood flow (thick arrows), which demon-
strates virtually no decrease in signal until the 10.5 s image. Adjacent to this, there is a region of moderately diminished
cerebral blood flow (thin arrows), in which signal loss occurs more slowly than in normally perfused tissue and persists for
a greater time, due to increased intravascular transit time
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8.4 Post-Processing of Dynamic Susceptibility
Contrast Images

Although some information about regional perfu-
sion differences may be gleaned by direct interpreta-
tion of raw DSC images as a cine loop or a mosaic
(Fig. 8.1), the large number of images at each slice
(typically 40–50) make review of individual images
impractical. Far more straightforward and thorough
interpretation of the images can be performed if one
of various post-processing algorithms is used to con-
vert the sequence of individual, dynamically ac-
quired images into synthetic maps that depict any of
several perfusion parameters for each brain voxel
(Fig. 8.2).

This process may be understood by considering
the raw DSC images in Fig. 8.1. The image labeled
“0 s” was acquired before the arrival into the brain of
an intravenously injected bolus of contrast material.

Several other baseline images were also acquired pri-
or to this one, in order to allow more precise calcula-
tion of baseline signal intensity by the averaging of
multiple images. Images acquired after the “0 s” im-
age depict the arrival of the contrast bolus, with a re-
sultant drop in signal intensity, followed by washout
of the contrast material from the brain, which is man-
ifested by a rebound of signal intensity to a level close
to the baseline signal intensity at 0 s.

All of these images are T2*-weighted. In the “0 s”
baseline image, as well as the other baseline images
acquired before bolus arrival, signal intensities are
related only to time-invariant properties of brain tis-
sue and the scanner. However, in each subsequent im-
age, signal intensity in each pixel has been decreased
by an amount proportional to the concentration of
gadolinium in the corresponding voxel. The concen-
tration of gadolinium in each voxel is linearly related
to DR2*, the change in the rate of T2* relaxation in
comparison to the baseline, according to:

Figure 8.2

Perfusion-weighted image maps.These images were generated from the dynamic susceptibility contrast images shown
in Fig. 8.1, using the post-processing method summarized in Fig. 8.3. In the region of severely impaired perfusion (thick
arrows), abnormally low cerebral blood volume (CBV) and flow (CBF) are represented by darker shades of gray on the cor-
responding perfusion maps. In a region of only moderately impaired perfusion (thin arrows),CBV appears normal but CBF
is abnormally low (this is appreciated most easily by comparing the ipsilateral to the contralateral cortical gray matter on
the CBF map). Mean transit time (MTT) is abnormally elevated in both regions, resulting in increased signal intensity on
the MTT map
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where CGd is the concentration of gadolinium in the
voxel,DR2* is the change in the rate of T2* relaxation
relative to the baseline image(s), and k is a constant
whose value depends on factors that are not usually
measured clinically. T2* relaxation is an exponential
process, so the concentration of gadolinium is related
to change in signal intensity by the equation:

where CGd(t) is the concentration of gadolinium at
time t after bolus arrival, St is the signal intensity at
that time, S0 is the signal intensity at time 0 or earlier,
before the arrival of the bolus, and k´ is a new con-
stant.

Because it may be assumed that the gadolinium
concentration in blood is uniform at any particular
instant in time, the concentration of gadolinium
within each tissue voxel is proportional to the volume
of blood within that voxel, and regional cerebral
blood volume (rCBV) in each volume may be calcu-
lated by averaging the gadolinium concentration
measured at every time point after bolus arrival:

assuming that measurements are obtained at n time
points after bolus arrival. Cerebral blood volume is
one of the simplest hemodynamic parameters to
measure with DSC, and its calculation requires rela-
tively little post-processing time. Because rCBV is
preserved under all but the most severe ischemic
conditions, tissue demonstrating abnormally dimin-
ished rCBV is usually suffering from severe ischemia,
and has a low likelihood of viability regardless of
therapeutic intervention.

Regional cerebral blood flow (rCBF) is a more sen-
sitive indicator of tissue ischemia. Decrements in
rCBF are seen in tissue experiencing even mild de-
grees of ischemia, and therefore such tissue may be
amenable to therapeutic rescue if reperfusion can be
achieved in a timely manner. The magnitude of rCBF
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concentration-versus-time curve representing the ar-
rival of the gadolinium bolus. In general, a steeper
slope reflects more rapid arrival of gadolinium in the
voxel, and therefore greater rCBF. However, calcula-
tion of rCBF is made more complicated by the fact
that the slope of the concentration-versus-time func-
tion is influenced not only by rCBF, but also by the ra-
pidity with which gadolinium is delivered to the vox-
el by the feeding artery or arteries (Fig. 8.3). Mathe-
matically, the concentration-versus-time function is
the convolution of an arterial input function (AIF),
which represents the delivery of gadolinium to the
voxel by the feeding artery or arteries, and a residue
function, which represents the proportion of gado-
linium remaining in the voxel at each instant after
bolus arrival, and whose height numerically repre-
sents the rCBF in that voxel. Therefore, calculation of
rCBF requires estimation of an AIF, which is then
used for deconvolution and calculation of the residue
function (and therefore rCBF).

Once calculated, rCBF can be used to calculate the
mean transit time (MTT) of blood through the tissue
voxel, according to the central volume theorem:

MTT is abnormally elevated in ischemic brain tissue,
and synthetic images depicting regional differences
in MTT, like rCBF maps, can be used to identify tissue
experiencing even mild degrees of ischemia. MTT
maps are often easier to interpret than rCBF maps,
because the large differences that exist between rCBF
in normal gray matter and normal white matter
sometimes make visual detection of an ischemic le-
sion difficult (Fig. 8.2). The process for producing
CBV, CBF, and MTT maps is summarized in Fig. 8.4.

AIF computation may be accomplished by a tech-
nologist, physician, or other trained person, often us-
ing a workstation separate from the MR scanner’s
main console. This process takes a few minutes to
complete, and involves review of the raw DSC images
in order to identify a few pixels that are close to a
large artery of interest, and therefore can be used to
represent the concentration of gadolinium within
that artery. After the AIF has been selected, it is 

MTT CBV
CBF

= .
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then used by a computer to perform deconvolution
for each pixel, a process that usually consumes ap-
proximately 5–10 min for a typical multi-slice DSC
sequence.

At our institution, we use singular value decompo-
sition (SVD), a deconvolution algorithm that is rela-
tively robust, in that it performs well in a wide variety
of ischemic conditions [9, 10]. Because of its robust-
ness, SVD is used at the majority of centers where
PWI is performed. However, the SVD algorithm does
have some limitations. In particular, its measure-
ments of rCBF are artifactually influenced by differ-
ences that may exist between the AIF that is chosen,
and the unmeasured AIF that corresponds to the ac-
tual arterial supply of each voxel (Table 8.2). SVD un-
derestimates rCBF when arrival of the contrast bolus

to tissue is delayed, relative to its arrival in the large
artery used for calculation of the AIF. For this reason,
the AIF is typically chosen from the proximal vessel
supplying the ischemic territory [e.g., ipsilateral

Figure 8.3

Idealized and actual perfusion experiments. In all of the above graphs, time is depicted on the x axis and concentration
of contrast material on the y axis. In an idealized perfusion experiment, the entirety of a bolus of contrast material would
be delivered instantaneously to brain tissue via a feeding artery.This is depicted in the arterial input function in the upper
left hand corner. In this case, the tissue concentration-versus-time curve (upper right) is a “residue function,”reflecting the
proportion of the contrast bolus remaining in the tissue at each moment in time. In the actual case, contrast is injected
intravenously over a finite period of time, and the bolus is further dispersed as it travels through the circulatory system
before reaching the brain. This results in an arterial input function (AIF) that is not instantaneous (lower left). As a result,
there is also dispersion of the contrast bolus as it passes through the parenchymal microvasculature (lower right). If the
actual AIF and tissue concentration curve are both known, the residue function can be computed by deconvolution

Table 8.2. Pitfalls in dynamic susceptibility contrast perfu-
sion-weighted imaging

Patient motion

Delay of contrast bolus

Dispersion of contrast bolus

Susceptibility artifact due to air or metallic objects

Unreliable for calculating absolute values 
of perfusion parameters 
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middle cerebral artery (MCA) stem for MCA infarc-
tion]. An AIF chosen from a more remote vessel al-
lows an increase in the time delay between contrast
reaching the AIF and the tissue. This causes under-
estimation of blood flow and overestimation of tissue
at risk of infarction (Fig. 8.5). This is especially prob-
lematic when there is an ipsilateral carotid stenosis
or occlusion and blood reaches the tissue through
collateral circulation [11]. SVD also underestimates
rCBF when the quantity of gadolinium that arrives in
the voxel is dispersed over a longer time period
[12–14]. When interpreting images of rCBF or MTT
that are prepared by SVD deconvolution, it is impor-
tant to keep in mind these potential causes of under-

estimation of rCBF, and therefore overestimation of
the quantity of tissue placed at risk by ischemia. Re-
cent efforts to develop deconvolution methods that
are not artifactually influenced by delay or dispersion
of the contrast bolus may reduce these concerns in
the near future [15].

The AIF selection and deconvolution processes re-
quired for calculation of rCBF and MTT require some
human intervention, computing resources, and time
to complete; therefore, it is often useful to measure
other hemodynamic parameters that can serve as
more easily computed, though less physiologically
precise measurements of regional perfusion. For ex-
ample, many centers compute “time to peak” (TTP)

Figure 8.4

Post-processing of dynamic susceptibility images using deconvolution. For each pixel in each image slice, a graph of
signal intensity (S.I.) as a function of time is converted into one of R2* as a function of time. R2*, the change in the rate 
of T2* relaxation due to the presence of gadolinium, is proportional to the concentration of gadolinium present. The 
R2*-versus-time curve is then used to compute three hemodynamic measurements. CBV (whose calculation does not
require deconvolution) is proportional to the area under the curve. Deconvolution using a separately measured arterial
input function (AIF) allows computation of a residue function, which describes the fraction of a hypothetical instanta-
neous contrast bolus that would remain at each time after injection. The peak of the residue function is proportional to
CBF. CBV is divided by CBF to yield MTT
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maps, in which each pixel is assigned a number rep-
resenting the amount of time it took for the contrast
bolus to reach maximum concentration in the corre-
sponding tissue voxel. TTP is a parameter whose ex-
act physiological correlates are difficult to determine
in any particular case, as it can become elevated as a
result of reduced rCBF, prolonged MTT, delayed con-
trast arrival, dispersion of the bolus, or any combina-
tion of these factors.Therefore,TTP maps suffer from
even greater technical limitations than maps of rCBF
and MTT produced by deconvolution [11]. However,
they can be produced extremely rapidly, and with a
minimum of technical expertise and computing
power.

At our institution, PWI data from acute stroke pa-
tients are used to compute maps of rCBV, TTP, and
the maximum decrease in signal intensity over any
two images, which serves as a rough estimation of
rCBF. These synthetic images can be derived from
raw DSC data in less than 1 min, and can therefore
provide clinically important information to the
physicians caring for the patient before he or she has
left the MR scanner. Subsequently, we transfer the
raw DSC images to another workstation and use de-
convolution to produce maps of rCBF and MTT that
can be available within 20–30 min, and used to fur-
ther guide clinical decision-making.Absolute quanti-
fication of CBV, CBF, and MTT values can sometimes

Figure 8.5

Choice of different arterial input functions. Patient is 39-year-old female with a history of right internal carotid artery dis-
section and left sided weakness, who was imaged at 8 h after symptom onset.When the left middle cerebral artery (MCA)
stem is chosen as the arterial input function (AIF), there is longer delay between the AIF and the tissue sampling versus
when the right MCA stem is chosen as the AIF. This results in underestimation of CBF and the corresponding maps
demonstrate larger areas with low CBF and elevated MTT.The patient was started on heparin and hypertensive therapy.
The final infarct is much more closely approximated by the CBF and MTT maps constructed with the right MCA AIF
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be obtained with the deconvolution method, al-
though this is not routinely done clinically [9, 10].
Other post-processing techniques allow calculation
of different transit time parameters such as first mo-
ment, ratio of area to peak, relative TTP, arrival time,
and full-width at half-maximum (Fig. 8.6). However,
deconvolution techniques that calculate MTT have
proven superior to these parameters [11].

8.5 Reliability

In general, perfusion images are less sensitive than
DWI images in the detection of acute stroke, with
sensitivities for rCBV, rCBF, and MTT ranging from
74% to 84%. Lesions missed on perfusion images in-
clude: (1) lesions with small abnormalities on DWI
that are not detected because of the lower resolution
of MR perfusion images, and (2) lesions with early
reperfusion. Specificities for perfusion images range
from 96% to 100%. Occasional false-positive scans
occur when there is an ischemic, but viable hypoper-
fused region that recovers [16].

8.6 Diffusion in Combination 
with Perfusion MRI in the Evaluation 
of Acute Stroke

8.6.1 Diffusion and Perfusion MRI 
in Predicting Tissue Viability

The clinical role of PWI in conjunction with DWI 
has not been completely defined (Tables 8.3, 8.4). The
most important potential clinical impact may result
from defining the ischemic penumbra, a region that is
ischemic but still viable and that may infarct if not
treated. Therefore, most investigation is focused on
strokes with a diffusion–perfusion mismatch or
strokes with a perfusion lesion larger than the diffu-
sion lesion. Proximal occlusions are much more like-
ly to result in a diffusion–perfusion mismatch than
distal or lacunar infarctions. Operationally, the diffu-
sion abnormality is thought to represent the ischemic
core and the region characterized by normal diffu-
sion but abnormal perfusion is thought to represent
the ischemic penumbra [1, 17–22]. Definition of the
penumbra is complicated because of the multiple

Figure 8.6

Post-processing of dynamic susceptibility images without deconvolution. Because of the extra time and human inter-
vention required to calculate CBF and MTT with deconvolution techniques,alternative metrics that approximate CBF and
MTT without deconvolution have been used. Measurement of the slope of increase of gadolinium concentration is an
approximation of CBF, whereas the full width of the concentration curve at half of the maximum value (FWHM) is an
approximation of MTT. Relative time to peak (rTTP) is influenced by both CBF and MTT. Time to peak (TTP) is influenced
by CBF and MTT as well as any delay in the arrival of the contrast bolus
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hemodynamic parameters that may be calculated
from the perfusion MRI data.

A number of papers have focused on volumetric
data. With arterial occlusion, brain regions with de-
creased diffusion and decreased perfusion are
thought to represent nonviable tissue or the core of
an infarction. The majority of strokes increase in vol-
ume on DWI with the peak volumetric measure-
ments achieved at 2–3 days postictus. The initial DWI
lesion volume correlates highly with final infarct vol-
ume with reported correlation coefficients (r2) rang-
ing from 0.69 to 0.98 [16, 23–26]. The initial CBV 
lesion volume is usually similar to the DWI lesion
volume, and CBV also correlates highly with final 
infarct volume, with reported correlation coefficients
(r2) ranging from 0.79 to 0.81 [16, 25, 27]. In one large
series, predicted lesion growth from the initial DWI
to the follow-up lesion size was 24% and from the 
initial CBV to the follow-up lesion size was 22%.
When there is a rare DWI–CBV mismatch, the DWI
lesion volume still correlates highly with final infarct
volume, but the predicted lesion growth increases 
to approximately 60% [16]. The CBV, in this setting,
also correlates highly with final infarct volume with
no predicted lesion growth. In other words, when
there is a DWI–CBV mismatch, the DWI abnormality
grows into the size of the CBV abnormality (Fig. 8.7).

Many more strokes are characterized by a
DWI–CBF or a DWI–MTT mismatch (Figs. 8.7–8.10).
In general, initial CBF and MTT volumes correlate
less well with final infarct volume than CBV, and on
average greatly overestimate final infarct volume. Re-
ported correlation coefficients (r2) range from 0.3 to
0.67 for CBF and from 0.3 to 0.69 for MTT [16, 25,
27–29]. Predicted final infarct volume was 44% of
the initial CBF abnormality, and 32% of the initial
MTT abnormality in one study [16]. Another 
study demonstrated that size of the DWI–CBF and
DWI–MTT mismatches correlates with final infarct
volume. The correlation coefficients for DWI–CBF
and DWI–MTT mismatch volume versus final infarct
volume were 0.657 and 0.561 respectively [27].

In small-vessel infarctions (perforator infarctions
and distal embolic infarctions) and in whole territo-
ry large-vessel infarctions, the initial perfusion (CBV,
CBF, and MTT) and diffusion lesion volumes are usu-
ally similar and there is little to no lesion growth
(Fig. 8.11). A diffusion lesion larger than the perfu-
sion lesion or a diffusion lesion without a perfusion
abnormality usually occurs with early reperfusion
(Fig. 8.12). Similarly, in this situation, there is usually
no significant lesion growth.

Table 8.3. Lesion volumes of diffusion and perfusion. (DWI Diffusion-weighted imaging, PWI perfusion-weighted imaging)

Pattern Cause Comment

PWI but no DWI Proximal occlusion or critical stenosis DWI abnormalities may develop depending on 
with penumbra perfused via collaterals collateralization and timing of reperfusion.

Good candidate for reperfusion therapy

PWI>DWI Proximal occlusion or critical stenosis DWI may expand into part or all of the PWI abnormality 
with penumbra partially perfused depending on collateralization and timing of reperfusion.
via collaterals Good candidate for reperfusion therapy

PWI=DWI Usually lacunes or distal occlusion, Entire territory has infarcted. No tissue at risk
but can be proximal occlusion

PWI<DWI Proximal, distal or lacunar infarct Ischemic tissue has reperfused. No tissue at risk

DWI but no PWI Proximal, distal or lacunar infarct Ischemic tissue has reperfused. No tissue at risk. Also,
tiny infarctions not seen on PWI due to lower resolution
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Table 8.4. Diffusion and perfusion MRI in predicting tissue viability. (ADC Apparent diffusion coefficient, CBF cerebral blood
flow, CBV cerebral blood volume, MTT mean transit time, TTP time to peak)

DWI

Represents ischemic infarct core, is in general irreversible and is highly predictive of final infarct volume with strokes 
on average growing 20%

With thrombolysis, a portion of the DWI abnormality may be reversible, especially in white matter

ADC ratios and values may be important in predicting reversibility, hemorrhagic transformation 
and tissue viability. ? Threshold ADC ratio of ~ 0.8

CBV

Usually matched with DWI

Represents ischemic infarct core, is in general irreversible and is highly predictive of final infarct volume with strokes 
on average growing 20%

When CBV>DWI, the infarct usually grows into the CBV abnormality

Low CBV (<50% of normal) is predictive of tissue infarction

Elevated CBV is an unstable state – tissue may or may not infarct

CBF

With proximal occlusions, is usually larger than DWI

Usually overestimates final infarct size

Best parameter for distinguishing between penumbra likely to infarct from penumbra likely to survive in spite 
of intervention. ? Threshold CBV ratio of ~0.35

Best parameter for predicting hemorrhagic transformation

MTT

With proximal occlusions, is usually larger than DWI and yields the largest operational penumbra

Usually overestimates final infarct size

Controversy as to whether or not MTT is useful for distinguishing between penumbra likely to infarct and that likely 
to survive

TTP

With proximal occlusions, is usually larger than DWI

TTP of 6–8 s correlates well with final infarct size

Factors affecting calculations of thresholds for tissue viability

Timing of reperfusion

Gray versus white matter

Timing of initial scan

Timing of follow-up scan

Variability in post ischemic tissue responses
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Figure 8.7

Diffusion–perfusion mismatch where there is a DWI–CBV mismatch and the stroke grows into the DWI–CBV but not the
DWI–CBF or MTT mismatch region. Patient is 55-year-old male with right hemiparesis due to left MCA stem embolus.The
DWI image demonstrates a small region of hyperintensity, consistent with acute infarction, in the left corona radiata
(white arrows).The CBV map demonstrates a larger,hypointense abnormality involving more of the corona radiata as well
as the caudate nucleus (black arrows).The CBF and MTT maps show larger abnormalities (CBF hypointense and MTT hy-
perintense) involving the left frontal and parietal lobes as well as the corona radiata and caudate nucleus. Follow-up CT
(F/u CT) demonstrates growth of the infarct into the CBV abnormality but not into the CBF or MTT abnormalities

Figure 8.8

Diffusion–perfusion mismatch with the entire penumbra recovering. Patient is 80-year-old female with mild right hemi-
paresis, right facial droop with left MCA stem embolus, imaged at 4 h. There is hyperintensity on the DWI images and 
hypointensity on the CBV maps in the left insula (arrow). This region is thought to represent the core of ischemic tissue
and was abnormal on follow-up T2-weighted images (F/U T2). The CBF and MTT images show larger abnormalities in-
volving most of the visualized left MCA territory.The DWI- and CBV-normal but CBF- and MTT-abnormal tissue is thought
to represent the ischemic penumbra.The patient was started on heparin and hypertensive therapy. None of the ischemic
penumbra progressed to infarction
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Figure 8.9

Diffusion–perfusion mismatch with infarct growing into nearly all of the tissue at risk of infarction. Patient is 70-year-old
female with aphasia and right-sided weakness due to a left MCA stem embolus, imaged at 4 h. The DWI image demon-
strates hyperintensity, consistent with acute infarction, in the left corona radiata and caudate nucleus. The CBV map
demonstrates a hypointense lesion similar in size to the DWI abnormality. CBF and MTT images demonstrate much larg-
er abnormal regions (CBF hypointense and MTT hyperintense) involving the left frontal and parietal lobes.The CBF- and
MTT-abnormal but DWI-normal tissue reflects the operational ischemic penumbra. In spite of heparin and hypertensive
therapy, follow-up CT (F/U CT) demonstrates growth of the infarct into most of the ischemic penumbra

Figure 8.10

Diffusion–perfusion mismatch where there is DWI- and CBV-normal but CBF- and MTT-abnormal tissue that infarcts.
Patient is 78-year-old female with aphasia during cardiac catheterization. There is a CBF-hypointense and MTT-hyperin-
tense region (thin arrow) in the posterior left temporal lobe that appears normal on the DWI and CBV images.This entire
region appears infarcted on follow-up DWI images (F/U DWI). In the inferior left frontal lobe, there is a lesion that is simi-
lar in size on all diffusion and perfusion images.There is no significant growth of this lesion on follow-up DWI
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Figure 8.11

Lacunar infarct with matched diffusion and perfusion defects. Patient is 75-year-old male with right lower extremity
weakness. The DWI image demonstrates an acute infarction in the left corona radiata (arrow). Defects similar in size are
seen on the CBV, CBF, and MTT maps. There is no diffusion–perfusion mismatch. Follow-up T2-weighted image (F/U T2)
demonstrates no significant lesion growth

Figure 8.12

Diffusion abnormality without perfusion abnormality. Patient is 51-year-old male with right hemiparesis status post left
carotid endarterectomy. DWI image demonstrates an acute left MCA infarction involving the left frontal and parietal
lobes.The CBV, CBF, and MTT images demonstrate normal to elevated volume and flow and normal to decreased transit
time in the corresponding region. This is consistent with early reperfusion. The follow-up T2-weighted image (F/U T2)
demonstrates no significant infarct growth
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More recently, research has focused on differenti-
ating diffusion and perfusion MR parameter lesion
ratios or absolute values in infarct core, penumbra
that progresses to infarction, and penumbra that
remains viable. Most papers have demonstrated that
rCBF is the most useful parameter in distinguishing
hypoperfused tissue that will progress to infarction
from hypoperfused tissue that will remain viable in
patients not treated with thrombolysis. Reported
rCBF values, expressed as a ratio or fraction of nor-
mal values, range from 0.12–0.44; for penumbra that
progresses to infarction, 0.35–0.56; and for penumbra
that remains viable, 0.58–0.78 [30–34]. Assuming a
normal CBF of 50 ml · 100 g–1 · min–1 [35], these ratios
translate to 6–22 ml · 100 g–1 · min–1 for core,17.5–28 ml
· 100 g–1 · min–1 for penumbra that progresses to in-
farction, and 29–39 ml · 100 g–1 · min–1 for penumbra
that remains viable.

The variability in CBF ratios likely results from a
number of different factors. Most importantly, the
data obtained represent only a single time point in a
dynamic process. One major factor is variability 
in timing of tissue reperfusion. Jones et al. [36] 
demonstrated that viability of ischemic tissue de-

pends on both the severity and duration of CBF 
reduction in monkeys [36]. The CBF threshold for 
tissue infarction with reperfusion at 2–3 h was
10–12 ml · 100 g–1 · min–1 while the threshold for 
tissue infarction with permanent occlusion was
17–18 ml · 100 g–1 · min–1. Ueda et al. [37], in a study of
patients treated with thrombolysis, demonstrated
that the duration of ischemia affected the CBF
threshold for tissue viability for up to 5 h. Another
factor is that normal average CBF in human par-
enchyma varies greatly, from 21.1 to 65.3 ml · 100 g–1 ·
min–1, depending on age and location in gray matter
versus white matter [35, 38–41]. Other factors affect-
ing thresholds of tissue viability include variability
methodologies, variability in initial and follow-up
imaging times, and variability in post ischemic tissue
responses.

Low rCBV ratios are highly predictive of infarc-
tion. However, elevated rCBV is not predictive of tis-
sue viability, and rCBV ratios for penumbral regions
that do and do not infarct may not be significantly
different (Fig. 8.13). Lesion ratios range from 0.25 to
0.89 for lesion core, 0.69 to 1.44 for penumbra that
progresses to infarction, and from 0.94 to 1.29 for

Figure 8.13

Diffusion–perfusion mismatch in a region with elevated CBV but low CBF that progresses to infarction. Patient is 83-year-
old female with right hemiparesis and aphasia. Three regions are outlined on the CBF maps. The white arrowhead marks
infarction core characterized by decreased diffusion, low CBV, low CBF, elevated MTT, and infarction on follow-up imag-
ing. The thick white arrow marks penumbra that infarcts, which in this case is a DWI-normal region with elevated CBV,
low CBF, elevated MTT, and follow-up infarction. The thin black arrow marks penumbra that remains viable which is a 
DWI- and CBV-normal region with low CBF, elevated MTT, and normal follow-up imaging
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penumbra that remains viable [30–34, 42]. The find-
ing of elevated rCBV in the ischemic penumbra is in
accordance with PET studies demonstrating that in
the early stages of ischemia, decreased cerebral per-
fusion pressure produces vasodilatation and an in-
crease in the CBV, which is associated with prolonged
intravascular transit time, increased oxygen extrac-
tion fraction, and initially preserved oxygen delivery
[43]. With further decreases in cerebral perfusion
pressure, the compensatory vasodilatation reaches a
maximum, and CBV initially continues to rise and
then falls as capillary beds collapse. Thus, elevated
rCBV is not necessarily sustainable over time and
may represent a very unstable situation.

Some studies have demonstrated no statistically
significant differences in MTT between infarct core
and the two (viable and nonviable) penumbral re-
gions, while others have demonstrated differences
between all three regions or between the viable and
nonviable penumbral regions [30–34, 42]. Reported
MTT ratios for core range 1. 70–2.53; for penumbra
that progresses to infarction, 1.74–2.19; and for
hypoperfused tissue that remains viable, 1.65–1.66
[30–34, 42]. A number of studies have demonstrated
that only patients with a TTP≥6 s are at risk of signif-
icant lesion enlargement and that tissue with
TTP>6–8 s correlates highly with final infarct volume
[44, 45]. One study that evaluated the abilities of CBF,
MTT, TTP, and relative peak height to predict infarct
growth found that a combination of TTP and relative
peak height provided the best prediction of infarct
growth (peak height <54% and TTP>5.2 s had a sen-
sitivity of 71% and a specificity of 98%) [46].

Some reports demonstrate significant differences
between the ADC values for the core, penumbra that
infarcts, and penumbra that does not infarct, while
others have not found such differences. In one large
study, absolute mean ADC values for infarct core,
penumbra that progresses to infarction, and penum-
bra that remains viable were 661×10–6 mm2/s,
782×10–6 mm2/s and 823×10–6 mm2/s, respectively
[47]. Other authors report ADC ratios for infarct
core, penumbra that progresses to infarction and hy-
poperfused tissue that remains viable of 0.62–0.63,
0.89–0.90, and 0.93–0.96, respectively [30, 32].

The aforementioned approaches have focused on
regions or volumes of tissue. Since there is hetero-
geneity in diffusion and perfusion parameters within
ischemic tissue, Wu et al. [48] performed a voxel-by-
voxel multi parametric analysis of abnormalities on
six maps (T2, ADC, DWI, CBV, CBF, and MTT) com-
pared with follow-up T2-weighted images and devel-
oped thresholding and generalized linear model al-
gorithms to predict tissue outcome [48]. They found
that, at their optimal operating points, thresholding
algorithms combining DWI and PWI provided 66%
sensitivity and 83% specificity, and that generalized
linear model algorithms combining DWI and PWI
provided 66% sensitivity and 84% specificity.

8.6.2 Perfusion MRI and Thrombolysis 
in Acute Ischemic Stroke

Recently, a number of investigators have evaluated
perfusion in patients treated with intravenous (i.v.)
or intra-arterial thrombolytic therapy. In one study it
was reported that a greater proportion of severely hy-
poperfused (>6 s MTT) tissue recovered in stroke pa-
tients treated with i.v. tissue plasminogen activator
(t-PA) versus stroke patients treated with conven-
tional therapies [49]. In another report, the presence
of a tissue volume of equal to or greater than 50 ml
with a CBF equal to or less than 12 ml·100 g–1·min–1

predicted lesion growth [50]. In spite of successful re-
canalization with intra-arterial thrombolysis, some
strokes grow into the penumbral region. In one study
of 14 patients who underwent successful intra-arteri-
al recanalization, it was reported that the best thresh-
old for identifying irreversibly infarcted tissue was a
Tmax (time to peak contrast concentration) of 6–8 s or
more [51]. CBV, CBF, and MTT thresholds have not
been evaluated in these patients to date. In another
study, regions with initial hypoperfusion that subse-
quently had elevated CBF following intra-arterial
thrombolysis had a higher incidence of infarction
compared to regions with initial hypoperfusion that
did not develop hyperperfusion [52]. Also, Derex et
al. [53] demonstrated that the degree of TTP delay
correlated with recanalization rate in acute stroke
patients treated with i.v. t-PA.
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8.6.3 Diffusion and Perfusion MRI 
in Predicting Hemorrhagic Transformation 
of Acute Stroke

Hemorrhagic transformation (HT) of brain infarc-
tion represents secondary bleeding into ischemic tis-
sue, varying from small petechiae to parenchymal
hematoma (Table 8.5). It has a natural incidence of
15% to 26% during the first 2 weeks and up to 43%
over the first month after cerebral infarction [54–57].
Predisposing factors include stroke etiology (HT is
more frequent with embolic strokes), reperfusion,
good collateral circulation, hypertension, anticoagu-
lant therapy, and thrombolytic therapy. In patients
treated with intra-arterial (i.a.) thrombolytic thera-
py, higher National Institutes of Health Stroke Scale
(NIHSS) score, longer time to recanalization, lower
platelet count, and higher glucose level are associated
with HT [58].

The most commonly proposed pathophysiological
mechanism for HT is the following. Severe ischemia
leads to greater disruption of the cerebral microvas-
culature and greater degradation of the blood–brain
barrier. Reperfusion into the damaged capillaries fol-
lowing clot lysis leads to blood extravasation with the
development of petechial hemorrhage or hematoma.
Reopening of a proximal occluded artery is not a sine
qua non condition for HT, as multiple studies de-
scribe HT in spite of persistent arterial occlusion [54,
59]. HT in this setting may result from preservation
of collateral flow. rt-PA thrombolytic therapy may
aggravate ischemia-induced microvascular damage
by activation of the plasminogen-plasmin system
with release and activation of metalloproteinases
[60–62]. Metalloproteinases are thought to be impor-
tant factors in the degradation of the basal lamina
during an ischemic insult.

Since ADC values and perfusion parameters can
mark the severity and extent of ischemia, a number
of investigators have assessed these parameters in
predicting HT (Fig. 8.14). Selim et al. [63] demon-
strated that the volume of the initial DWI lesion and
the absolute number of voxels with ADC value of

Table 8.5. Factors associated with hemorrhagic transforma-
tion. (MCA Middle cerebral artery, NIHSS National Institutes of
Health Stroke Scale)

Imaging parameters

Very low CBF on MR perfusion or SPECT imaging

Higher percentage of pixels with ADC <550×10–6 mm2/s

Larger volume of the initial DWI abnormality

Prior microbleeds detected on T2* gradient echo 
images

Hypodensity in greater than one-third 
of the MCA territory on CT

Early parenchymal enhancement

Clinical

High NIHSS

Low platelets

High glucose

Hypertension

Vascular

Good collateral vessels

Early reperfusion

Embolic stroke

Therapy

Anticoagulation

Thrombolytic therapy

Figure 8.14 �

Hemorrhagic transformation. Patient is 76-year-old male with left hemiparesis. DWI and ADC images demonstrate a
relatively large area with very low ADC values in the right basal ganglia, internal capsule, and corona radiata (short thick
arrows).This region also has very low CBF values. CBF images also demonstrate less reduced perfusion throughout most
of the rest of the visualized right MCA territory. Follow-up CT images (F/U CT) demonstrate hemorrhage into the right
basal ganglia and deep white matter as well as into the right parietal cortex
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≤550 ¥ 10–6) mm2/s correlated with HT of infarctions
treated with i.v. t-PA [63], and Tong et al. [64] demon-
strated that the mean ADC of ischemic regions that
experienced HT was significantly lower than the
overall mean ADC of all ischemic areas analyzed
[(510±140)×10–6 mm2/s vs. (623±113)×10–6 mm2/s].
There was also a significant difference when compar-
ing the HT-destined ischemic areas with non-HT-
destined areas within the same ischemic lesion
(P=0.02). Oppenheim et al. [65] demonstrated 100%
sensitivity and 71% specificity for predicting HT
when they divided infarcts into those with a mean
ADC core of less than 300×10–6 mm2/s compared to
those with a mean ADC core of greater than
300×10–6 mm2/s [65].

Cerebral blood flow may be the best perfusion pa-
rameter for identifying ischemic tissue that will un-
dergo HT. With SPECT imaging, Ueda et al. [66]
demonstrated an increased likelihood of HT in is-
chemic brain tissue with a CBF less than 35% of the
normal cerebellar blood flow on SPECT imaging. It
has also been demonstrated that CBF ratios are sig-
nificantly lower in MCA infarctions that undergo HT
than in those that do not. In one study, all ischemic
tissue with a mean CBF ratio of less than 0.18 devel-
oped hemorrhage [67]. Other imaging parameters
predictive of HT include:
1. Hypodensity in greater than one-third of the MCA

territory on CT [68].
2. Early parenchymal enhancement on gadolinium-

enhanced T1-weighted images [69].
3. Prior microbleeds detected on T2* gradient echo

[70].

8.6.4 Correlation of Diffusion 
and Perfusion MRI with Clinical Outcome

A number of studies have shown how DWI can be
used to predict clinical outcome (Table 8.6). Some
studies have demonstrated statistically significant
correlations between the acute anterior circulation
DWI and ADC lesion volume and both acute and
chronic neurological assessment tests including the
NIHSS, the Canadian Neurological Scale, the Glasgow
Outcome Score, the Barthel Index, and the Modified
Rankin Scale [19, 26, 71–76]. Correlations between

DWI and ADC volume and clinical outcome, r, range
from 0.65 to 0.78. In general, correlations are stronger
for cortical strokes than for penetrator artery strokes
[19, 72]. Lesion location may explain this difference.
For example, a small ischemic lesion in the brainstem
could produce a worse neurologic deficit than a cor-
tical lesion of the same size. In fact, one study of pos-
terior circulation strokes showed no correlation be-
tween initial DWI lesion volume and NIHSS [77]. A
significant correlation has also been reported be-
tween the acute ADC ratio (ADC of lesion/ADC of
normal contralateral brain) and chronic neurologic
assessment scales [19, 71]. Furthermore, one study
demonstrated that patients with a mismatch between
the initial NIHSS score (>than 8) and the initial DWI
lesion volume (<25 ml) had a higher probability of
infarct growth and early neurologic deterioration
[78]. Another demonstrated that for internal carotid
artery (ICA) and middle cerebral artery (MCA)
strokes, a DWI volume greater than 89 cm3 was high-
ly predictive (ROC curve with 85.7% sensitivity and
95.7% specificity) of early neurologic deterioration
[79].

Initial CBV, CBF, MTT, and TTP lesion volumes
also correlate with NIHSS, the Canadian Neurologic
Scale, the Barthel Index, the Scandinavian Stroke
Scale, and the modified Rankin Scale. Correlation co-
efficients, r, range from 0.71 to 0.96 [26, 29, 75, 80, 81].

Table 8.6. Diffusion and perfusion MRI in predicting clinical
outcome

1. DWI, CBV, CBF, MTT, and TTP initial lesion volumes 
all correlate with acute and chronic neurologic 
assessment tests. It’s unclear which parameter is best

2. DWI initial lesion volume correlation with outcome
scales is higher for cortical than for penetrator artery
strokes

3. Patients with a mismatch (proximal stroke) usually
have worse clinical outcomes compared to patients
without a mismatch (distal or lacunar stroke)

4. Size of the diffusion–perfusion mismatch volume
correlates with clinical outcome

5. Amount of decrease in size of MTT abnormality
volume following intravenous thrombolysis 
correlates with clinical outcome
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Correlations are widely variable and it is unclear
which initial perfusion map best predicts clinical
outcome. In one study that compared initial CBV,
CBF, and MTT volumes with modified Rankin scale,
initial CBF volume had the highest correlation [81].
In another study that compared initial DWI, CBV, and
MTT volumes with modified NIHSS, Rankin and
Barthel Index, initial CBV had the highest correlation
[82]. In general, patients who have perfusion lesion
volumes larger than diffusion MR lesion volumes
(perfusion–diffusion mismatches) have worse out-
comes with larger final infarct volumes compared to
patients without a diffusion–perfusion mismatch.
Furthermore, the size of the diffusion–perfusion
mismatch correlates with clinical outcome scales. In
one study, patients with a DWI–MTT mismatch larg-
er than 100 ml had a significantly larger lesion
growth and a poorer outcome than patients with a
smaller mismatch [75]. Thrombolytic therapy, due to
early recanalization with reperfusion, can limit lesion
growth and alter these correlations. In one study of
patients treated with i.v. rt-PA, initial MTT volume
correlated with the initial NIHSS but did not corre-
late with the NIHSS measured at 2–3 months [49]. In
another study, the best independent predictor of ex-
cellent outcome in patients treated with i.v. t-PA was
an MTT lesion volume decrease of more than 30% 2 h
after i.v. t-PA therapy [83].

8.6.5 Perfusion/Diffusion Mismatch 
in Patient Selection for Thrombolysis.

The Desmoteplase In Acute Ischemic Stroke trial
(DIAS) [83] was a placebo-controlled, double-blind,
randomized, dose-finding phase II trial designed to
evaluate the safety and efficacy of intravenous
desmoteplase administered within 3 to 9 hours of
ischemic stroke onset in patients selected by the MRI
criteria of a perfusion/diffusion mismatch on MRI.
Patients with NIH Stroke Scale scores of 4 to 20 and
MRI evidence of perfusion/diffusion mismatch were
eligible. Reperfusion rates up to 71.4% (P=0.0012)
were observed with desmoteplase given at 125 mug/kg
compared with 19.2% with placebo. A favorable 
90-day clinical outcome was found in 60.0of patients
treated with desmoteplase % (125 mug/kg; P=0.0090)

compared to 22.2% of placebo-treated patients. Fur-
ther details are described in chapter 11. The imaging
inclusion criteria included a DWI abnormality of less
that 1/3 of the MCA territory, and a perfusion abnor-
mality 20% greater than the DWI abnormality. This
was a multicenter trial and the specific perfusion
analysis system varied among sites. The key require-
ment was that the perfusion data be immediately
available. It appears that simple perfusion algorithms
were primarily used such as time-to-peak (TTP) be-
cause these are easily generated at the MRI scanner
console. A phase III trial of desmoteplase using the
same imaging imaging criteria is currently under-
way.

8.7 Conclusion

Perfusion MRI allows evaluation of the hemodynam-
ic status of acutely ischemic tissue and has greatly
improved evaluation of acute stroke. The CBV abnor-
mality correlates highly with the DWI abnormality,
which is thought to represent the ischemic core.With
proximal emboli, CBF and tissue transit time maps
demonstrate the operational ischemic penumbra, ad-
ditional tissue with altered perfusion that is at risk of
progressing to infarction. Diffusion and perfusion
MRI are useful in predicting tissue viability, and are
also useful in predicting HT and clinical outcome.
Most importantly, it has now been shown how
DWI–PWI mismatch criteria may be used to success-
fully guide thrombolytic therapy.
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9.1 Introduction

This chapter briefly reviews current methods for
diagnosing acute stroke other than the CT and MRI
techniques described in the prior chapters. These
include radionuclide perfusion imaging using the
nuclear medicine techniques of single photon emis-
sion computed tomography (SPECT), perfusion and
neurochemical imaging via positron emission to-
mography (PET), metabolic imaging through mag-
netic resonance spectroscopy (MRS), and inhalation-
al-mediated xenon CT perfusion (Xe-CT). The intent
of this chapter is to provide a brief overview of these
techniques. The reader is directed to the Reference
section for additional information. For a brief synop-
sis, please refer to Table 9.1.

9.2 SPECT

Technique and Theory. This modality uses a dif-
fusible tracer. The active moiety is the “workhorse” of
nuclear scintigraphy, technetium-99m ([Tc-99m]).
[Tc-99m] is complexed with a carrier organic mole-
cule that acts as an introducer into the neural axis,
across the blood–brain barrier [1]. Most facilities use
hexamethylpropyleneamine oxime (HMPAO) where-
as others use ethylcysteine dimer (ECD) or DTPA
(diethyleneamine pentaacetate) for the organic com-
plex [1, 2]. Radiopharmaceutical administration is
through the intravenous route and uptake within 
the neural tissue varies directly with blood flow,
but the mechanism of stabilization within the tissues
is unknown [1]. Alternatively, [Xe-133] (gas) may 
be inhaled and evaluated in the steady state, but 
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this type of imaging requires specialized equipment
(ventilation) and is not in routine widespread use [3].

Product. Semi-quantitative manifestation of region-
al cerebral blood flow (rCBF) is typical [1]. Quantita-
tive measurements of blood flow are possible via pe-
ripheral arterial blood sample evaluation in order to
provide absolute counts of radioactivity in correla-
tion to the imaging results [1]. However, because of
the invasive nature of the quantitative measurements
thus obtained, quantitative imaging is typically not
invoked.

Availability. Excellent. Practically any Radiology
Department with the capability to perform routine
SPECT imaging is eligible. Requirements include
routinely available gamma cameras with SPECT pro-
cessing computers and the ability to make and ad-
minister the radionuclide.

Literature Review. Comparisons of the rCBF provid-
ed by [Tc-99m]-ECD SPECT have shown good corre-
lation to results obtained using perfusion-weighted
MR imaging (PWI) and PET [1, 4]. Comparisons of
the rCBF provided by [Tc-99m]-HMPAO SPECT have

Table 9.1. Comparison and contrast of the modalities not in routine use for acute stroke evaluation. (MRS Magnetic resonance
spectroscopy, PET positron emission tomography, SPECT single photon emission computed tomography, Xe-CT xenon comput-
ed tomography)

PET SPECT Xe-CT MR spectroscopy

Preparation time 30 min 30 min 15 min None
(approximate)

Scanning time 30–60 min 5 min 15 min 5–30 min
(approximate)

Post-processing time 15 min 15 min 5–15 min 0–15 min
(approximate)

Modality Routine PET scanner Routine 2- Multidetector MR scanner 
or 3-head CT scanner with MRS add-on
SPECT camera

Administration Intravenous Intravenous Inhalational None

Tracer [F-18]-Fluorodeoxy- [Tc-99m] HMPAO Xe-133 N/A
glucose or [O-15]-O2, or [Tc-99m]-IMP
-CO or -CO2

Tracer characteristic Diffusible Diffusible Diffusible N/A

Ionizing radiation Yes Yes Yes No

Radioactive tracer Yes Yes No N/A

Spatial resolution (relative) Low Low High Low

Portion of brain imaged Entire Entire 2-cm-thick slab 1 cm3 (single voxel) 
in 4–6 slices or smaller 

(multiple voxel)

Contraindications (absolute) Allergy Allergy Allergy MR safety 
incompatibility

Sensitivity N/A 61–74% N/A N/A

Specificity N/A 88–98% N/A N/A

Primary references [13] [1] [1] [23, 24]
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shown good correlation with PWI [1, 5]. SPECT [6, 7]
has been shown to have good/excellent sensitivity
and outstanding specificity for detecting the pres-
ence and extent of acute stroke [1, 8]. Decisions re-
garding thrombolysis have been based upon SPECT
thresholding as described by Ueda [9] and others
[10] with good results [1]. The prediction of possible
post-carotid endarterectomy hyperperfusion has
been based upon SPECT results [11]. There are also
data to support a good correlation with SPECT rCBF
threshold values and severity and clinical outcome
[12], including but not limited to development of in-
tracranial hemorrhage [1, 3]. The conclusions of
Ueda and colleagues are as follows [9]:
1. rCBF ratio >0.55 indicates possible reversibility,

regardless of ictal onset time.
2. rCBF ratio <0.35 indicates increased risk of hem-

orrhage with therapy, regardless of ictal onset
time.

3. rCBF ratio 0.35–0.55 indicates potential reversibil-
ity if treatment is instituted within the therapeutic
window of <6 h.

9.2.1 Advantages

1. Most large departments contain the requisite ma-
terials and machinery to perform this technique.

2. Sedation issues and motion are typically not detri-
mental to imaging.

3. Imaging is quick, as are calculations and image
production.

4. Literature-proven for very specific uses.
5. Could theoretically improve differentiation in spe-

cific situations where the differential diagnosis
includes tumor.

6. Could potentially provide a surrogate marker for
guiding stroke thrombolysis and treatment if
threshold values are used despite placement with-
in the 3- or 6-h therapeutic window.

9.2.2 Liabilities

1. Low spatial resolution.
2. Lack of fine anatomical detail/co-registration with

anatomical imaging such as conventional MR im-
aging and/or CT scanning. Results must be corre-

lated with anatomical imaging to differentiate the
simple absence of brain tissue from ischemic de-
rangement of brain tissue; for example, an arach-
noid cyst or surgical cavity may have the same
appearance as infarct on SPECT scan and must be
differentiated.

3. Ionizing radiation exposure, albeit minimal.
4. Patient remains at least somewhat radioactive

after the procedure, thus bringing into play issues
of protecting family and medical carers from addi-
tional exposure.

5. Not all medical facilities will be able to offer this
service, especially at any time. For example, if ra-
dionuclide kits must be obtained from elsewhere,
there is a great delay until imaging. Moreover, typ-
ical SPECT equipment is a necessity and not all
facilities are set up for this, even if nuclear medi-
cine facilities exist.

6. The technique is only semi-quantitative in its most
typical use. Quantitative evaluation would require
arterial access in an ongoing fashion (semi-inva-
sive).

7. Internal comparison is utilized in the semi-quan-
titative approach; thus, the assumption is that the
control regions have normal perfusion. This may
be an erroneous assumption in certain patients
and could result in misinterpretation.

8. White matter perfusion data thus obtained are ap-
parently not reliable.

Summary. SPECT evaluation of stroke is a promising
technique in that it images physiology and thus may
eventually serve as a surrogate for the triage of stroke
victims concerning treatment. Ueda’s work suggests
that this is possible with current technology. How-
ever, the need for specialized equipment and at least
30 min to evaluate the patient may be prohibitive in
some settings. Moreover, additional anatomical im-
aging will be necessary, including at least noncon-
trast head CT. Thus, competition of this technique
with CT and MR perfusion is likely to be limited, at
least for the foreseeable future.
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9.3 PET

Technique and Theory. This modality uses a dif-
fusible tracer. The active moiety is either the “work-
horse” of PET, [F-18]-fluorodeoxyglucose (FDG, half-
life=110 min), or O2, CO, or CO2 labeled with [O-15]
(half-life 2 min). Brain tissue typically takes up glu-
cose as its primary energy substrate and is quite ac-

tively metabolic at baseline on PET scan. Decreased
metabolism on PET scan indicates hypometabolism.
Although there is a differential diagnosis for this ap-
pearance, once the clinical scenario and anatomic
imaging are correlated to the PET scan findings, the
PET results may predict infarction (Fig. 9.1).FDG im-
aging works on the basis of the glucose extraction
fraction whereas [O-15] imaging works on the basis
of the oxygen extraction fraction.

Figure 9.1 a–c

Patient with acute ischemic stroke treated with hyper-
tensive therapy. a Positron emission tomography im-
ages of cerebral blood flow at 2 h (top) and 6 h (bottom)
after the onset of symptoms. PET cerebral blood flow
(CBF) images demonstrate a significant reduction in
blood flow affecting a substantial portion of the left
middle cerebral artery territory.b PET images of region-
al cerebral metabolic rate of oxygen at 2 h (top) and 6 h
(bottom) after the onset of symptoms. Oxygen metabo-
lism is abnormal in the left middle cerebral artery (MCA)
territory, but in an area substantially smaller than the
defect seen on the CBF images.This reduction in tissue
at risk was presumably due to hypertensive therapy.
c Follow-up CT scan of the head in the patient demon-
strating that the ultimate cerebral infarct size most
closely approximates the oxygen metabolism defect
(b) than the CBF defect (a). (Images courtesy of Dr.
Robert Ackerman, MD)

a

c

b
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Product. Quantitative manifestation of cerebral blood
flow (CBF), cerebral blood volume (CBV), mean
transit time (MTT=CBV/CBF), cerebral perfusion
pressure (CPP=1/MTT), cerebral metabolic rate of
oxygen consumption (CMRO), oxygen extraction
fraction (OEF), and cerebral glucose utilization is
typical [1]. Normally, gray matter exceeds white mat-
ter extraction, and the supply of both glucose and
oxygen to brain tissues exceeds its requirement by
2–3 times; derangement of this relationship is most
common with ischemia/infarct. Quantitative meas-
urements are possible using [O-15]-labeled sub-
strates whereas nonquantitative measurements are
typically used with FDG. Semi-quantitative measure-
ments with FDG are possible with peripheral arterial
blood sampling and comparison to internal stan-
dards (apparently unaffected brain). Specific uptake
value (SUV) measurements are of limited utility in
this clinical scenario.

Availability. Good. Practically any Radiology De-
partment with the capability to perform routine PET
imaging is eligible. However, due to the relatively
short half-life of [O-15], use of this isotope requires
specialized equipment and continuous flow-through
devices for administration, as well as specialized
ventilation. Requirements also include PET scanners
and the ability to make or obtain and/or otherwise
administer the radionuclide.

Literature Review. Reduced CPP induces changes in
the remaining perfusion parameters [13]. Initially,
however, a slight reduction in CPP has little effect on
CBF whereas CBV may remain stable or increase
slightly in relation to autoregulatory mechanisms
(vasodilatation) [13]. Once the ability to vasodilate
sufficiently to augment perfusion has been exhaust-
ed, CBF decreases at a rapid rate, CMRO declines
slightly, and OEF increases at a rapid rate [13]. Re-
gional OEF measurements thus represent an indica-
tor of local autoregulatory failure, a direct manifesta-
tion of cerebrovascular disease [14, 15]. It is in this
regard that PET [6, 7] exceeds provocative perfusion
techniques such as cerebrovascular reserve measure-
ments, which necessitate the administration of an
additional medication and/or use of provocative

maneuvers that may place the patient at additional
risk. Increased OEF distal to known high-grade arte-
rial disease in patients with no or reversible symp-
toms has been shown to be an independent predictor
for stroke; moreover, this type of determination is not
possible with any other current modality, and addi-
tionally it is relatively noninvasive and safe [13].
Studies evaluating the treatment of arterial disease
have not shown statistically significant improvement
in outcome when based on PET [13]. Moreover, al-
though increased OEF suggests that brain tissue is
still alive, studies indicate that, despite the plethora of
measurements available with PET, determination of
viability remains confounding [3, 13]. Prediction of
clinical outcome based on PET thresholding has been
controversial and variable [4, 13].

9.3.1 Advantages

1. Many large departments contain the baseline
requisite materials and machinery to perform
FDG-PET and some also can perform [O-15]-PET.
Membership in this group is increasing all the
time, as PET scanning becomes more popular.

2. Sedation issues and motion are typically not detri-
ments to imaging, although the length of the
examination may preclude acutely ill patients or
those who are combative and cannot be sedated
because of serial neurological testing.

3. This technique is quantitative.
4. OEF physiological measurements in relation to

asymptomatic or TIA-related severe arterial dis-
ease have been statistically verified and are
uniquely useful. Other uses, however, remain un-
proven in the literature.

5. The technique could theoretically improve differ-
entiation in specific situations where the differen-
tial diagnosis includes tumor.

6. Could potentially eventually provide a surrogate
marker for guiding stroke thrombolysis, and stud-
ies are underway to provide support for these ap-
plications. However, past studies have been unsuc-
cessful in determining a significant benefit from
its use in this regard.
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9.3.2 Liabilities

1. Expensive.
2. This technique has low spatial resolution.
3. Lack of fine anatomical detail/co-registration with

anatomical imaging such as conventional MR im-
aging and/or CT scanning. Results must be corre-
lated with anatomical imaging to differentiate the
simple absence of brain tissue from ischemic de-
rangement of brain tissue; for example, an arach-
noid cyst or surgical cavity may have the same ap-
pearance as infarct on PET scan and must be dif-
ferentiated.

4. Ionizing radiation exposure.
5. Patient remains at least somewhat radioactive af-

ter the procedure, thus bringing into play issues of
family and medical carer protection from addi-
tional exposure.

6. Not all medical facilities will be able to offer this
service at any time. For example, if FDG must be
obtained from elsewhere, there is a great delay un-
til imaging. Moreover, typical PET equipment is a
necessity and not all facilities are set up for this,
even if nuclear medicine facilities exist.

7. Internal comparison is utilized in the semi-quan-
titative approach; thus, the assumption is that the
control regions have normal perfusion. This may
be an erroneous assumption in certain patients
and could result in misinterpretation.

Summary. PET evaluation of stroke is a promising
technique in that it images physiology such as OEF
and thus may eventually serve as a surrogate for the
triage of stroke victims concerning treatment. How-
ever, the need for specialized equipment and at least
75 min to evaluate the patient may be prohibitive in
some settings. Its use in asymptomatic patients
and/or those with TIA and severe arterial disease to
predict increased risk of stroke has been validated,
but studies concerning the ability of PET imaging to
aid in the triage of acute stroke victims have not been
corroborated. Moreover, additional anatomical imag-
ing will remain necessary, including at least noncon-
trast head CT and likely both CT and MRI. Thus,
competition of this technique with CT and MR per-
fusion is likely to remain limited until different
methodologies for patient stratification emerge.

9.4 Xe-CT

Technique and Theory. A nonradioactive isotope of
xenon gas (Xe, g) is a diffusible tracer and is utilized
as a contrast material for CT based upon its density
[1]. This inert gas is not metabolized and its concen-
tration within the brain parenchyma is evidenced by
increased density on CT and is a direct manifestation
of perfusion in the steady state [1]. Xe is freely dif-
fusible and thus its concentration depends on a
steady state at the level of the lungs, which in turn
produces a steady state in the bloodstream, which it-
self produces a steady state in the brain parenchyma
– based on perfusion alone because Xe freely crosses
the blood–brain barrier [1]. In contradistinction to
PET and SPECT, the entire brain is not imaged; this is
because of technical limitations. Multidetector CT
techniques with current 32-slice scanners cannot yet
cover the entire brain on perfusion CT scans; perhaps
with 64-slice CT scanners this technical limitation
will be removed. As opposed to PET and SPECT, Xe-
CT is performed by initially carrying out a noncon-
trast baseline scan of several contiguous slices of
brain (the number is determined by both the manu-
facturer and variations in slice thickness), then com-
mencing the inhalation of Xe with subsequent serial
CT scans at each individual slice level. These data are
used, in turn, to form a graph and maps of cerebral
perfusion parameters with respect to time; in this
manner, Xe-CT’s product(s) parallels that of CT per-
fusion using iodinated contrast material [1].

Product. Quantitative measurement via measure-
ment of only CBF [1, 4, 16].

Availability. Moderate. Although equipment for 
Xe-CT is widely available (multidetector row CT
scanner with 3D computer support) and software for
data processing is available and partially automated,
Xe (gas) storage and administration require special-
ized equipment and facilities that are not widely
available. For example, specific ventilation is required
in rooms where this technique is utilized, and most
Radiology Departments are not equipped for this im-
plementation.
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Literature Review. Latchaw [1] reports that Xe-CT
[6, 17–20] is able to well define the following clinical-
ly relevant categories:
1. CBF >20 ml/100 g tissue per minute: low flow

without neurological dysfunction.
2. CBF 10–20 ml/100 g tissue per minute: possible re-

versible flow abnormality with neurological dys-
function. Best results were obtained with values in
the 15–20 ml/100 g tissue per minute range with
prompt thrombolysis.

3. CBF <10 ml/100 g tissue per minute: irreversible
(has already or will infarct) flow abnormality with
neurological dysfunction.

4. CBF <15 ml/100 g tissue per minute: increased
risk of edema, hemorrhage, and, as a direct result,
herniation with its associated morbidity and mor-
tality. This risk is increased in large areas of ab-
normality.

9.4.1 Advantages

1. This technique is quantitative.
2. High spatial resolution.
3. May be easily combined with evaluation of the ar-

teries on CT [CT angiography (CTA)]; the results
of CTA and Xe-CT are complementary.

4. May be repeated (after a wash-out phase).
5. Could potentially provide a surrogate marker for

guiding stroke thrombolysis and studies are
apparently underway to provide support for these
applications.

9.4.2 Liabilities

1. Motion artifact obviates quantitative, and severely
degrades qualitative, interpretation.

2. Only CBF measurement is available.
3. Xenon gas has a mild sedative effect that mimics

inebriation. As the typical stroke patient is both of
increased age and frequently disoriented and/or
combative because of neurological impairment,
this sedative effect can be counterproductive.

4. Ionizing radiation exposure.
5. Referring physicians of patients with respiratory

compromise may balk at the idea of Xe (g) ventila-
tion due to its mild sedative effect and the report-
edly occasional incidence of associated apnea.

6. Not all medical facilities will be able to offer this
service, especially round the clock.

7. Typically, the entire brain is not imaged with cur-
rent multidetector CT technology, although this
may soon change.

8. Latchaw reports that although Xe (g) is commer-
cially available, the performance of Xe-CT re-
quires an investigational status and thus its use
must be approved by the hospital human research
committee. It is likely that this involvement would
also necessitate written informed consent, thus
potentially further delaying stroke diagnosis and
treatment.

Summary. Xe-CT evaluation of stroke is a promising
technique in that it images physiology such as CBF
and thus may eventually serve as a surrogate for the
triage of stroke victims concerning treatment. How-
ever, the need for specialized equipment, clinical
limitations, and an investigational status have been
prohibitive in most settings. Most centers utilize CTP
(CT perfusion with iodinated contrast material) or
PWI in lieu of this technique. Thus, competition of
this technique with CT and MR perfusion is likely to
remain limited until clinical parameters are en-
hanced and investment in the required facilities and
equipment is mandated by improved study results in
managing acute stroke patients.

9.5 MR Spectroscopy

Technique and Theory. MR spectroscopy (MRS) is
essentially the application of one-dimensional nu-
clear magnetic resonance (NMR) techniques to clini-
cal conventional MRI. A single or multiple voxels are
defined based on a localizer or routine sequence set
of images and currently available software upgrades
are used to perform the pulse sequence and display
the resultant one-dimensional MR spectrum. Water
suppression and optimization of technical factors are
critical because the clinically relevant peaks are very
small compared to the water peak. Protons are by far
the most commonly used nucleus in MRS but phos-
phorus has also been used experimentally [3].
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Product. Individual peaks are visualized including
choline/phosphocholine (Cho, involved in cell mem-
branes and energy transport), creatine/phosphocrea-
tine (Cr, involved in energy transport), N-acetyl-as-
partate (NAA, a neuronal marker) and lactate (Lac, a
manifestation of anaerobic metabolism) [21–25]. The
area under the curve may be calculated to give ab-
solute spins if an external, known spin source is used
prior to the patient’s scan in order to calibrate the
measurement. The internal comparison of peak
heights within and among voxels is alternatively and
almost exclusively used, especially for normal-ap-
pearing brain (internal standard for comparison). A
word of caution regarding the literature and compar-
isons is advised. Peaks are not infinitely thin, there-
fore the area under the curve does not exactly equal
peak height; however, because internal comparisons
are used instead of absolute measurements, this in-

equality is assumed and obviated. Additionally, most
software routinely re-scales the y axis (intensity)
based on the largest value, and attention to the scale
is recommended in order to compare separate spec-
tral peaks.

Availability. Excellent. In general, all current MR
scanners have MRS capability and upgrades are
available for most recent MR scanner systems.

Literature Review. Saunders recently reviewed the
MRS literature concerning stroke and summarized
the data as follows [24]:
1. Lac is not visualized in the normal adult brain

spectrum; its appearance is the “hallmark” of cere-
bral ischemia. Unfortunately, measurements with-
in the core and penumbra of an infarct are not def-
initely different; moreover, the presence of Lac has

Figure 9.2

Proton MR spectroscopic imaging in a patient with acute stroke. Diffusion-weighted image (left) demonstrates an area of
reduced diffusion in the left MCA territory. Overlaid are the voxel positions of the spectra shown on the right. The spec-
tra in the top row are notable for decreases in N-acetyl-aspartate (NAA) resonance and the appearance of the inverted
doublet of lactate. Going to lower rows, both of these resonances normalize

a b



Chapter  9 207Acute Stroke Imaging with SPECT, PET, Xenon-CT

a differential diagnosis including abscess. Lac evo-
lution and/or resolution may be observed with or
without an associated infarct.

2. Decreased NAA is most consistent with neuronal
degradation, may occur very early in ischemia, is
likely irreversible (as opposed to disease processes
such as demyelination), and may continue for days
to weeks even after the cessation of ischemia.
Correlation of NAA concentration to infarct size
(volume) allows a better prediction of morbidi-
ty/outcome than does either NAA concentration
or infarct volume alone (Fig. 9.2).

3. Changes in the Cho peak have been shown to be
widely variable.

4. Reductions in Cr have been described both initial-
ly and progressively after ischemia/infarct but the
degree of change is much less than that of NAA.

5. Amino acid, lipid, and other peak variations are
not well defined. It is unlikely that these peaks will
be of clinical diagnostic assistance for stroke in the
near future.

9.5.1 Advantages

1. Potentially quantitative if external standards are
used in addition to measurements on the patient
(however, this may increase the time of the exami-
nation and further delay diagnosis and treatment
of stroke – a liability).

2. May be easily combined with conventional MR
imaging, MR angiography, PWI and diffusion-
weighted imaging; these techniques are comple-
mentary.

3. May be repeated immediately.
4. No ionizing radiation exposure.
5. Could theoretically improve differentiation in

specific situations where the differential diagnosis
includes tumor.

6. Could potentially provide a surrogate marker for
guiding stroke thrombolysis.

9.5.2 Liabilities

1. The patient must have MR compatibility (that is,
no pacemaker, cochlear implant, neurostimulator,
etc.).

2. Motion artifact obviates interpretation.
3. Low spatial resolution.
4. Perfusion data are unavailable.
5. Typically, the entire brain is not imaged.
6. Not all sites will have MR scanners readily avail-

able; furthermore, not all medical facilities will be
able to offer this service round the clock.

Summary. MRS evaluation of stroke is a promising
technique in that it images intracellular metabolites
and thus may eventually serve as a surrogate for the
triage of stroke victims concerning treatment. De-
spite its newfound speed of performance, constantly
improving availability and lack of ionizing radiation,
several problems persist and dominate its sparing
use. Its manifestation of metabolites is relatively
unique but apparently not yet distinctive or clinically
relevant for most clinical stroke scenarios.At present,
MRS should not be used alone but rather in combi-
nation with conventional, diffusion-weighted and
perfusion-weighted MR imaging for optimal effect in
the management of acute stroke patients.
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10.1 Introduction

The first minutes to hours after the onset of neuro-
logic dysfunction in stroke patients frequently hold
the only opportunity to prevent death or serious per-
manent disability. The goal in the first hours after the
onset of acute stroke is to prevent infarction or mini-
mize the degree of permanent brain injury. A system
that ensures rapid and precise assessment of the
variety of stroke patients is necessary to optimize
acute stroke treatment. Consensus guidelines for
acute stroke management have set the following
goals for hospitals: (1) triage of the stroke patient to
medical attention within 10 min, (2) history, physical
examination, and blood tests as soon as possible, (3)
brain imaging within 30 min, (4) CT interpretation
within 20 min of scan completion, (5) treatment deci-
sions within 60 min of presentation [National Insti-
tute of Neurological Disorders and Stroke (NINDS)
consensus conference]. Local clinical pathways that
are continually refined are necessary to coordinate
the multidisciplinary effort.

10.2 History of Stroke Onset

It is important to know as precisely as possible the
time of symptom onset and the characteristics of the
initial symptoms. The patient may not be able to pro-
vide an accurate history due to their neurologic
deficits; therefore, phone interviews with emergency
medical technicians, family members or other eye-
witnesses before,or at the time of, the patient’s arrival
can be invaluable.
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The eyewitnesses to the event should be queried
about:
▬ when the affected individual was last at neurolog-

ic baseline; an exact time of onset can be critical in
treatment decisions

▬ whether there were clonic movements or other
behaviors to suggest seizure at onset

▬ whether there is a history of previous seizure, dia-
betes, warfarin use, prior stroke, prior transient is-
chemic attack (TIA), prior myocardial infarction
(MI), drug abuse, trauma, head or neck pain

▬ other relevant past medical history, such as recent
surgery, angina, hypertension, bleeding disorder,
clotting disorder, atrial fibrillation, overdose,
febrile illness, and medication allergies.

Upon notification that a potential acute stroke case is
on the way to the hospital the computed tomography
(CT) technician and stroke physician should be
paged.

The acute ischemic stroke patient may not be com-
petent to make medical decisions. Because emer-
gency treatments (i.e., decompressive surgery,
hemorrhage evacuation, thrombolytic drug adminis-
tration, intra-arterial clot removal, emergency en-
darterectomy) carry risk, it is advisable to discuss
possible interventions with the patient’s family mem-
bers when they first call the hospital. If the noncom-
petent patient is unaccompanied by a responsible
family member, then the treating physician should
establish a means of remaining in contact. Cell
phones allow communication with the family mem-
ber who is in transit to the hospital, but in their ab-
sence it may be prudent for the responsible family
member to delay travel until treatment decisions are
made.

10.3 Clinical Presentation

The acute stroke evaluation should be made available
for all patients with a sudden-onset neurologic
deficit, the basis of the stroke syndrome. Though
focal neurologic deficits are common in stroke pa-
tients they may not be present in some conditions,

for example subarachnoid hemorrhage, or they may
require specific stroke expertise to be elicited, for
example top of basilar artery embolus. The most dif-
ficult diagnostic problems usually occur in patients
with an altered level of consciousness, especially if
there are other potential causes of encephalopathy,
such as alcohol intoxication, a fall, etc. There is
tremendous variation in the presentation of acute
stroke patients. This variation depends on whether
the stroke is ischemic or hemorrhagic, which brain
areas are affected, and underlying medical illnesses.
In addition, the physician must also be able to identi-
fy stroke among other conditions that mimic stroke
syndromes. The most common mimics of stroke 
include seizure, hypoglycemia, migrainous accom-
paniment, drug overdose, thiamine deficiency 
(Wernicke’s syndrome), and other causes of en-
cephalopathy. Tumor occasionally causes stroke-like
symptoms due to intra-tumor hemorrhage or the
epileptic or migrainous activity associated with
tumor. (See Table 10.1 for conditions that mimic
ischemic stroke.)

In the initial evaluation of a patient with an 
acute-onset neurologic deficit, the stroke physician
needs to rapidly determine the cause of the neuro-
logic disturbance in order to provide appropriate
treatment. The usual sequence is: (1) stabilize the
patient’s medical condition, (2) treat if any suspicion
of hypoglycemia, narcotic overdose, thiamine defi-
ciency, (3) determine if there is intracranial hemor-
rhage, and (4) decide whether evidence is consistent
with acute brain ischemia. If the stroke syndrome is
thought likely due to ischemia and the patient is
within 3 h of onset, then thrombolytic treatment with
intravenous tissue plasminogen activator (i.v. t-PA)
needs to be considered. To determine the cerebral
localization of the deficits and the vascular mecha-
nism responsible, the stroke physician depends 
upon knowledge of the vascular syndromes, the
localization of neurologic function in the brain,
and the forms of ischemia known to cause particular
neurologic syndromes. In ischemic stroke, emer-
gency brain imaging is essential in establishing 
the responsible vascular lesion and mapping the re-
gional damage that is essential in offering prognostic



Chapter  10 211Clinical Management of Acute Stroke

information. In hemorrhagic stroke, brain imaging 
is critical in establishing the location and size of
the hemorrhage, advisability of clot evacuation,
the presence of mass effect, identification of hydro-
cephalus, and the presence of an underlying vascular
lesion.

10.4 Emergency Management

Simultaneous execution of specific tasks by all mem-
bers of the emergency stroke team permits efficient
progression to diagnosis and treatment. There
should be a plan of action and all members of the
team should be familiar with it. Table 10.2 delineates
the tasks of each member of a hypothetical acute
stroke team.

10.5 General Medical Support

10.5.1 ABCs of Emergency Medical
Management

Though poor outcome may occur due to delays in
stroke evaluation, it is equally important that rapid
triage to neurologic evaluation and brain imaging oc-
cur in a medically safe manner. The patient needs to
be assessed for hemodynamic and respiratory stabil-
ity as well as for signs or history of trauma, especial-
ly neck injury. The neck should be evaluated and sta-
bilized if there is question of injury, not an uncom-
mon scenario in the stroke patient who falls. A histo-
ry and physical examination should be performed by
a qualified physician. The identification of critical
medical conditions is often made on the initial
history and examination, and errors made if this is
delayed until after the stroke evaluation.

Table 10.1. Common conditions that may mimic acute ischemic stroke

Condition Symptoms Comments

Hypoglycemia Encephalopathy and focal Insulin or oral hypoglycemic use
neurologic deficit, especially aphasia Blood sugar less than 40 mg/dl

Rapid resolution of symptoms with glucose infusion

Seizure Focal neurologic deficit often History of witnessed seizure activity with onset 
with post-ictal encephalopathy, of deficit. Can be very difficult to distinguish if there 
i.e., post-ictus is a nonconvulsive seizure with focal cortical 

post-ictus deficit, such as aphasia or neglect

May be an underlying lesion seen on noncontrast 
CT scan or contrast CT

Migraine Focal neurologic deficits often History of migraine complicated by hemiparesis,
with mild encephalopathy hemisensory loss, aphasia, etc.

Build up of symptoms over time with typical
headache, photophobia, sonophobia

Sometimes a diagnosis of exclusion

Drug overdose Coma, may be associated with Toxic screen positive for narcotics, or barbiturates
absent eye movements simulating 
basilar thrombosis

Intracerebral hematoma Focal neurologic deficit Blood on CT scan

Subdural hematoma Focal neurologic deficit CT scan with subdural collection, that may be 
or empyema quite thin
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Airway. Airway protection in stroke patients may
require immediate intervention. An impaired level of
consciousness combined with emesis can occur in
patients with increased intracranial pressure and
posterior circulation stroke.Vertebrobasilar ischemia
may affect medullary respiratory centers and cause
apnea, or more commonly paralysis of pharyngeal
and tongue musculature with obstruction of the air-
way. The patient may require gastric suction and intu-
bation to protect the airway from aspiration of gastric
contents.An oral airway or nasal trumpet can be help-
ful if the patient has an upper airway obstruction.

Breathing. Consensus guidelines call for monitoring
O2 saturation and maintaining it above 95%. If need-
ed, oxygen is usually administered by nasal cannula.
Aspiration may have occurred prior to hospital
arrival, which can lead to impaired oxygenation. Hy-
percarbia will further increase intracranial pressure
(ICP) in patients with high ICP due to intracranial
hemorrhage, hydrocephalus or brain swelling. It is
sometimes necessary to ventilate the stroke patient
who has an impaired respiratory drive or increased
ICP.

Cardiovascular. As stroke is a cerebrovascular event
the cardiovascular management and assessment are
especially important. Patients at highest risk for
stroke have coexisting cardiovascular disease. It is
important to obtain an electrocardiogram (EKG) to
evaluate the patient for evidence of acute cardiac
ischemia and atrial fibrillation. Hypotension is
uniformly bad. Most patients with acute stroke have
elevated blood pressure even without pre-existing
hypertension. Although chronic hypertension is the
major risk factor for stroke, acute elevation of blood
pressure may be protective in ischemic stroke. For
example, elevated blood pressure can help augment
the delivery of blood to ischemic areas via collateral
circulation. Ischemic symptoms in patients who
receive oral anti-hypertensive agents can worsen as
blood pressure falls, and improve as blood pressure
increases. Most consensus-based guidelines recom-
mend that blood pressure be left untreated unless the
systolic pressure is above 200 mmHg or the diastolic

above 120 mmHg. At these very high levels, malig-
nant hypertension can occur with neurologic deficits
simulating stroke but with papilledema, proteinuria,
seizures, and encephalopathy. The pathologic process
in hypertensive encephalopathy is impaired vasoreg-
ulation and vasogenic edema that responds to the
lowering of blood pressure. In contrast, the use of in-
travenous t-PA has been pioneered with strict blood
pressure control below a systolic blood pressure of
180 mmHg. In patients undergoing intra-arterial
lysis, vessel recanalization may mark the time at
which blood pressure needs to be lowered to prevent
reperfusion hemorrhage. Blood pressure lowering
may also be appropriate in acute ischemic stroke
patients with concurrent acute myocardial ischemia
or aortic dissection.

Rapid Reversal of Conditions Mimicking Stroke. Im-
mediately after rapid assessment of the patient’s
circulatory and respiratory status (ABCs), the med-
ical team should consider the possibility of hypo-
glycemia, thiamine deficiency, and drug overdose as
etiologies. If there is any reasonable suspicion of
these reversible causes of focal neurologic symptoms,
often accompanied by a depressed level of conscious-
ness, the medical team should perform the appropri-
ate blood sampling followed by infusion of glucose,
naloxone, and/or thiamine.

Osmolarity. Hypo-osmolarity will promote brain
swelling. Patients with ischemic stroke at risk of
ischemic brain swelling are treated with isotonic flu-
ids. Dehydration, however, should be avoided as it
promotes coagulation and impairs cerebral blood
flow (CBF). The objective is to make the patient
euvolemic with fluids containing little or no free
water.

Hyperglycemia. Elevated blood glucose has been
found to increase ischemic injury in animal models
of stroke. It has been shown to be associated with
poor outcome in ischemic stroke. Hypoglycemia is
clearly an added insult to the brain that is suffering
from a lack of energy supply. Insulin is used to main-
tain normal blood sugar.
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Vascular Obstruction. The risk of hemorrhage caus-
ing an infarction is thought to be increased when the
vascular obstruction resolves and the injured vascu-
lar wall is stressed by the return of systemic blood
pressure. The National Institute of Neurological Dis-
orders and Stroke (NINDS) study of i.v. thrombolysis
was careful to exclude patients with hypertension,
defined as systolic pressure over 180 mmHg or dias-
tolic pressure over 120 mmHg. After infusion of re-
combinant t-PA (rt-PA), patient’s blood pressure was
carefully controlled with i.v., rapidly titratable agents,
labetalol and nitroprusside. This level of blood pres-
sure control has been recommended for patients who
receive rt-PA. In patients undergoing intra-arterial
(i.a.) lysis of thrombus, we have maintained the pa-
tient relatively hypertensive, often with phenyle-
phrine (neosynephrine). At the time of clot lysis, the
blood pressure is reduced to protect against hemor-
rhage and because blood flow is no longer dependent
upon collateral flow.

In patients who are to undergo thrombolysis, care
must be taken with attempts at instrumentation. An
arterial puncture from attempted catheterization in a
noncompressible site (e.g., subclavian vein) is con-
traindicated in patients to be treated with throm-
bolytic agents.

10.6 Medical Evaluation

Medical evaluation of the patient presenting with
acute stroke is important because patients with cere-
brovascular disease frequently have other forms of
cardiovascular or other systemic disease, which may
complicate medical management. If the patient is un-
dergoing thrombolysis, bleeding from sites of sys-
temic illness may become clinically evident. For this
reason, medical teams should perform a stepwise
analysis of the patient’s organ systems, giving special
consideration to the conditions listed in Table 10.3.

10.7 Neurologic Assessment

The neurological evaluation of the acute stroke pa-
tient must be efficient because of critical time con-
straints. This introduces an increased potential for
errors, especially if the patient has an altered level of
consciousness and is therefore unable to provide a
detailed history or perform certain parts of the neu-
rologic examination.

The experienced stroke physician immediately
observes the patient for signs of eye and head devia-
tion to the side of the lesion, external rotation of the
paretic lower limb, and decerebrate or decorticate
posture. The stroke physician will also monitor the
patient’s breathing pattern for signs of airway ob-
struction or impaired ventilatory drive, air escaping
from the side of the facial paresis, unequal palpebral
fissure (as occurs with ptosis on the side of a
Horner’s), or impaired lid closure on the side of facial
weakness.

The physician subsequently assesses the patient’s
level of consciousness by attempting to arouse the
patient or engage the patient in conversation. If the
patient does not respond to verbal stimuli, the physi-
cian will try to evoke a response through tactile stim-
uli, proceeding from gentle shaking to pinch, nail
pressure, and sternal rub.

If the patient’s eyes remain closed and the patient
responds to noxious stimuli with only reflexive
movements, then the patient is in a state of coma.
Alertness with the inability to comprehend spoken
language suggests aphasia or severe abulia. Dysno-
mia, paraphasic errors, and stuttering effortful
speech all suggest aphasia. Inattention to stimuli on
one side of the visual field and body part suggests
neglect syndrome. A single finding such as the pa-
tient’s inability to find or identify their own left hand
is strong evidence for right parietal dysfunction.

Next, the physician monitors the patient’s:
▬ visual function, by testing visual fields to finger

counting or threat
▬ pupils and their response to light
▬ eye movements to command or to the doll’s head

maneuver (if no suspicion of neck injury)
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Table 10.3. Medical evaluation. (AR Aortic regurgitation, CCA common carotid artery, ECA external carotid artery, ICA internal
carotid artery, GI gastrointestinal, LV left ventricular, MR mitral regurgitation, PMI point of maximal impulse, TR tricuspid regur-
gitation)

Organ system Physical finding Potential relevant underlying pathophysiology

Head Soft tissue injury Head trauma

Tender, thickened, Temporal arteritis
or pulseless temporal artery

Obliteration of flow through ICA occlusion or severe stenosis with retrograde ophthalmic flow
the trochlear artery with 
compression of the pre-auricular 
or supra-orbital vessels

Anhidrosis CCA dissection with damage to sympathetic fibers 
or brainstem stroke with interruption of sympathetic tract

Tongue laceration Consider seizure as the cause of the neurologic deterioration

Ear Hemotympanum Basilar skull fracture

Vesicles Facial weakness due to zoster-associated VIIth nerve palsy

Nose Blood Potential site of bleeding after thrombolysis,
Osler Weber Rendu syndrome

Chronic ulceration Occasionally secondary to dissecting carotid artery rupture

Nasopharyngeal carcinoma, Wegener’s, with cranial 
nerve involvement

Neck Carotid or vertebral bruit Carotid or vertebral stenosis

Absent carotid pulse CCA occlusion

Nuchal rigidity Meningeal irritation in SAH or infectious meningitis

Nodes Enlarged hard nodes Metastatic disease (brain metastasis as cause of neurologic deficit,
may need contrast CT scan) or marantic endocarditis

Throat Pharyngeal mass Abscess that can encase the carotid artery

Inflammatory exudate Diphtheria as cause of rapid demyelination 
and bulbar then systemic weakness

Eyes Erythematous, painful globe Ischemic eye due to combined ICA and ECA disease
with dilated unreactive pupil 
(rubeosis iridis)

Papilledema Increased intracranial pressure from intracranial mass,
venous sinus thrombosis, hydrocephalus, chronic meningitis

Roth spot Bacterial endocarditis

Cholesterol embolus Cholesterol embolus from aorta or carotid

Hypertensive Hypertension and/or diabetes
or diabetic retinopathy

Subhyaloid hemorrhage Subarachnoid hemorrhage
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▬ sensation, by testing corneal and facial sensation
to a pin

▬ facial movement to command or in response to
noxious stimulus (nasal tickle)

▬ pharyngeal and lingual function, by listening and
evaluating speech and examining the mouth

▬ motor function, by testing for pronator drift, pow-
er, tone, speed of finger or toe movements

▬ sensory function, by testing patient’s ability to de-
tect pin, touch, vibration, and position (a sensory

level on the body suggests that the pathology is the
spinal cord)

▬ cerebellar function, by asking the patient to walk,
and to touch repetitively first their own nose and
then the examiner’s finger

▬ ataxia in the legs, by asking the patient to touch the
examiner’s finger with their toes

▬ asymmetry of reflexes
▬ Babinski reflex.

Table 10.3. (continued)

Organ system Physical finding Potential relevant underlying pathophysiology

Skin Splinter hemorrhages in nailbed Bacterial endocarditis

Osler’s nodes on palmar surface Bacterial endocarditis

Punctate hemorrhages Bacterial endocarditis
in conjunctiva or mucosa

Livedo reticularis, Cholesterol emboli
ischemic infarcts in toes or fingers

Livedo reticularis Anti-cardiolipin Ab (Sneddon’s syndrome)

Purplish nodules with white centers Kohlemeier–Degos disease (stroke, bowel infarction)

Purplish papules Fabry’s disease

Malar rash Systemic lupus erythematosus

Telangiectasia Osler Weber Rendu as potential bleeding source

Purpura Coagulation disorder (TTP, ITP)

Venipuncture site Endocarditis due to i.v. drug abuse

Cardiovascular Regurgitant murmur of TR, MR or AR Endocarditis

Diffuse PMI or paradoxical motion AR with type I aortic dissection
of the PMI

Asymmetry of blood pressure MR and TR with dilated atria
in two arms Cardiomyopathy

LV aneurysm

Subclavian stenosis or occlusion. Athero common cause 
if chronic, aortic dissection if acute

Abdominal Varices, spider telangiectasia, icterus Liver disease with likely coagulation system abnormality

Mass Cancer (consider brain metastasis as cause 
of neurologic deficit, may need contrast CT scan)

Abdominal pain, GI bleeding Mesenteric embolus

Extremities Ischemic limb Systemic embolus
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Table 10.4. NIHSS

1a. Level of consciousness: 0 Alert
1 Not alert, but arousable with minimal stimulation
2 Not alert, requires repeated stimulation to attend

SCORE ___ 3 Coma

1b. Ask patient the month and their age: 0 Answers both correctly
1 Answers one correctly

SCORE ___ 2 Both incorrect

1c. Ask patient to open and close eyes: 0 Obeys both correctly
1 Obeys one correctly

SCORE ___ 2 Both incorrect

2. Best gaze (only horizontal eye movement): 0 Normal
1 Partial gaze palsy

SCORE ___ 2 Forced deviation

3.Visual field testing: 0 No visual field loss
1 Partial hemianopia
2 Complete hemianopia

SCORE ___ 3 Bilateral hemianopia (blind including cortical blindness)

4. Facial paresis (ask patient to show teeth 
or raise eyebrows and close eyes tightly): 0 Normal symmetrical movement

1 Minor paralysis (flattened nasolabial fold,
asymmetry on smiling)

2 Partial paralysis (total or near-total paralysis of lower face)
SCORE ___ 3 Complete paralysis of one or both sides (absence of facial

movement in the upper and lower face)

5. Motor function – arm (right and left): 0 Normal [extends arms 90° (or 45°) for 10 s without drift]
Right arm ___ 1 Drift
Left arm ___ 2 Some effort against gravity

3 No effort against gravity
4 No movement

SCORE ___ 9 Untestable (joint fused or limb amputated)

6. Motor function – leg (right and left): 0 Normal (hold leg 30° position for 5 s)
Right leg ___ 1 Drift
Left leg ___ 2 Some effort against gravity

3 No effort against gravity
4 No movement

SCORE ___ 9 Untestable (joint fused or limb amputated)

7. Limb ataxia 0 No ataxia
1 Present in one limb

SCORE ___ 2 Present in two limbs

8. Sensory (use pinprick to test arms, legs, trunk 
and face – compare side to side) 0 Normal

1 Mild to moderate decrease in sensation
SCORE ___ 2 Severe to total sensory loss

9. Best language (describe picture, name items,
read sentences) 0 No aphasia

1 Mild to moderate aphasia

2 Severe aphasia
SCORE ___ 3 Mute
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The above examination can usually be performed
within 10 min. The NIHSS (Table 10.4) is a standard-
ized assessment of the above systems that has been
used in clinical trials and can be helpful in stratifying
patient deficits. From the above information the
physician can usually make an informed assessment
of the patient’s neurological insult. The goal is to
combine any abnormalities noted on the examina-
tion with the patient’s history to determine whether
stroke is the most probable diagnosis.

The medical team must perform the neurological
examination repeatedly over time to determine if the
patient’s condition is deteriorating. The performance
of some patients improves in the hours following the
onset of acute neurological deficits. This improve-
ment can be due to the resolution of abnormal elec-
trical activity in patients with seizure who mimic
stroke. In addition, improvement sometimes occurs
due to spontaneous recanalization of the affected
vessel. In the presence of a rapidly improving deficit,
physicians may withhold thrombolytic treatment.

10.8 Intervention and Treatment

Ready availability of imaging is crucial for the prop-
er management of acute stroke. The noncontrast,
head CT is the minimal imaging study necessary for

proper stroke management. The immediate availabil-
ity of more informative imaging modalities such as
CT angiography/perfusion and/or MR diffusion/per-
fusion imaging greatly increases the knowledge of
the patient’s present pathophysiologic condition. The
use of these modalities in acute ischemic stroke is de-
scribed in detail in other chapters. After the clinical
evaluation and imaging, the stroke physician has the
necessary information to make decisions with the
consent of the patient and/or the patient’s family as to
the most appropriate treatment, whether it is for
ischemic or hemorrhagic stroke.

10.9 Conclusion

A predetermined course of action for the rapid, pre-
cise evaluation of the acute stroke patient is essential.
The goal is to prevent cerebral infarction or to mini-
mize the degree of permanent cerebral injury. Precise
information on the time of onset, as well as a rapid
and accurate medical and neurological evaluation is
extremely important. The acute stroke team should
be able to perform multiple tasks in parallel. A thor-
ough evaluation (with imaging) should be complete
within an hour of presentation. The treatment plan
should then be immediately implemented.

Table 10.4. (continued)

10. Dysarthria (read several words) 0 Normal articulation
1 Mild to moderate slurring of words
2 Near unintelligible or unable to speak

SCORE ___ 9 Intubated or other physical barrier

11. Extinction and inattention 0 Normal

1 Inattention or extinction to bilateral simultaneous 
stimulation in one of the sensory modalities

SCORE ___ 2 Severe hemi-inattention or hemi-inattention 
to more than one modality

TOTAL SCORE ___
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11.1 Introduction

This chapter will review the basic mechanisms of clot
formation (thrombosis) and dissolution (thromboly-
sis or fibrinolysis), the mechanisms of the major drug
classes used in treatment, and the results from major
clinical trials.This chapter will also present evidence-
based recommendations and protocols for applying
thrombolytic therapy to individual patients.

11.2 Thrombosis and Fibrinolysis

In the absence of injury, the vascular endothelium
has antithrombotic properties, making it resistant to
platelet adherence and coagulation factor interac-
tions. Exposure of the subendothelial extracellular
matrix to the blood elements by either vascular per-
foration or dissection initiates the coagulation cas-
cade [1, 2]. Platelets adhere to the exposed suben-
dothelium and are activated, releasing a variety of
cytokines and forming a surface for the complex
molecular interactions of the coagulation cascade 
[3, 4]. Platelet membrane phospholipids react with
factors VII and V, which promote activation and con-
version of factor X to Xa, and prothrombin II to
thrombin IIa, respectively. When fibrin is produced
by thrombin-mediated cleavage of fibrinogen, the
conglomeration of platelets, trapped red blood cells,
and leukocytes bound by interlocking fibrin strands
defines the architecture of the early thrombus. The
clot growth or stabilization is determined by the bal-
ance between endogenous coagulation and throm-
bolysis. Over time, cellular elements are destroyed 
by autolysis and fibrin strands become increasingly
stable through cross-linking, defining the architec-
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ture of the mature thrombus. These mature thrombi
are increasingly resistant to endogenous or exoge-
nous enzymatic degradation.

Thrombolysis is mediated by enzymatic disrup-
tion of the cross-linked fibrin by plasmin [2]. Plas-
minogen, the precursor of plasmin, is present in cir-
culating blood and has no enzymatic activity. Plas-
minogen activators (PA) are required to convert inert
plasminogen into active plasmin, and must overcome
the effects of plasminogen-activating inhibitors.
However, circulating blood contains alpha2-antiplas-
min, a potent plasmin inhibitor, which quickly neu-
tralizes newly formed plasmin. To achieve systemic
fibrinolysis, the production of plasmin must over-
come circulating plasmin inhibitors.Within a throm-
bus, plasminogen is bound to fibrin and platelets.
This geometry interferes with the action of alpha2-
antiplasmin and allows the relatively unopposed
activation of the plasminogen by local t-PA [5, 6]. The
thrombus-specific initiation of t-PA represents the
predominant source of intrinsic fibrinolytic activity
and works in concert with the coagulation cascade to
determine the extent of thrombosis propagation or
remodeling.

11.3 Fibrinolytic Agents

All currently available thrombolytic agents act
through the conversion of plasminogen to plasmin.
Some agents such as ancrod (pit viper venom) de-
plete fibrinogen stores and block clot initiation, but
do not act as fibrinolytic agents per se. Large doses of
an exogenous tissue plasminogen activator [e.g.,
urokinase (UK), streptokinase (SK), rt-PA] over-
whelm plasmin inhibitors and induce systemic fibri-
nolysis. To date, there is no convincing evidence that
any one agent is more effective at cerebrovascular re-
canalization, through either intravenous (i.v.) or in-
tra-arterial (i.a.) delivery. However, there may be dif-
ferences in the degree of systemic fibrinolysis in-
duced and hemorrhagic complications [7].

Streptokinase (SK). SK is a plasminogen activator
produced by Streptococcus haemolyticus that is not
specific for fibrin-bound plasminogen. To produce

systemic fibrinolysis it must first bind to plasmin.
The resulting SK–plasmin complex can then cleave
plasminogen to form plasmin. Anistreplase (APSAC)
is an inert SK–plasmin complex that is activated in
circulating blood [8]. As an exogenous protein, SK
can elicit hypersensitivity reactions. Inactivation by
circulating antistreptococcal antibodies (formed by
prior exposure to the antigen) as well as complex
pharmacokinetics produces variable dose–response
curves. For these reasons, as well as higher than ex-
pected hemorrhagic complications in recent myocar-
dial and cerebrovascular trials, it has largely been re-
placed by UK and newer agents.

Urokinase (UK). UK is a glycoprotein plasminogen
activator that can be isolated from renal tissues or
urine and, like SK, is not specific for fibrin-bound
plasminogen [8]. It has a half-life of 9–12 min. Unlike
SK, it is an endogenous compound that does not pro-
duce an immune reaction. Pro-urokinase is a recom-
binant single-chain form of UK that must be activat-
ed by plasmin hydrolysis of a specific peptide bond,
rendering it more thrombus-specific with a positive
feedback loop at active clotting sites. Because pro-
urokinase preferentially activates fibrin-bound plas-
minogen, the plasmin that is produced locally can
then activate more pro-urokinase. Because the inter-
action is best facilitated at the clot surface (highest
source of fibrin-bound plasminogen), the effects are
concentrated locally with a theoretical reduction in
systemic fibrinolytic effects. The phase III clinical tri-
al has been completed, and preliminary results sug-
gest that it is effective and safe in treating acute
ischemic stroke in the middle cerebral artery (MCA)
territory if given within 6 h of symptom onset via i.a.
delivery [9, 10].

Tissue Plasminogen Activator (t-PA). t-PA is synthe-
sized by vascular endothelial cells and is found in low
concentrations in circulating blood [1]. It has a plas-
ma half-life of 3–8 min, is relatively fibrin specific,
and undergoes 100-fold enhancement of activity at
fibrin-bound plasminogen [11]. Because there are 
t-PA-specific binding sites on platelet membranes
and because fibrin-degradation products can also
activate plasminogen, the degree of fibrin specificity
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is limited. For i.v. thrombolysis, the only theoretical
disadvantage of t-PA is its high cost relative to UK
and SK. It is the only drug currently approved by the
Food and Drug Administration (FDA) for treatment
of acute ischemic stroke.

Desmoteplase [Desmodus rotundus Salivary Plas-
minogen Activator Alpha-1 (DSPA1)]. Highly potent
plasminogen activators were discovered in the New
World vampire bat (Desmodus rotundus), animals
that feed exclusively on blood. Its saliva contains
plasminogen activators first described by Hawkey
[12] that result in rapid lysis of fresh blood clots.
Of four D. rotundus salivary plasminogen activators
(DSPAs) that were identified, the full-length plas-
minogen activator (DSPA1) variant is the most
comprehensively studied [13, 14]. The DSPAs are sin-
gle-chain molecules [13]. One characteristic that dis-
tinguishes this agent from other plasminogen activa-
tors is its high fibrin specificity [14]. It has been re-
ported that the activity of DSPA1 is 105,000 times
higher in the presence of fibrin than in its absence
compared to 550 for t-PA [15]. Furthermore, fibrino-
gen is a potent cofactor of plasminogen activation by
t-PA, but has little effect on DSPA1. In animal models
of arterial thrombosis DSPA1 has been shown to have
faster and more sustained reperfusion than human 
t-PA [16]. The DSPAs appear to cause less fibrino-
genolysis [17] and antiplasmin consumption than 
t-PA. Finally, desmoteplase has been shown to have
little neurotoxicity compared to t-PA in an animal
model [18].

11.4 Intravenous Fibrinolysis

Background. For more than 30 years, patients with
acute ischemic stroke have been treated with throm-
bolytic agents. Because these early studies predated
the availability of CT, the differentiation of ischemic
from hemorrhagic stroke or intracerebral hemor-
rhage was based on clinical history, neurologic exam-
ination, and lumbar puncture. In these earlier uncon-
trolled studies, most patients were treated more than
6 h after stroke onset; hemorrhagic complications
overwhelmed any potential benefits associated with

this delayed recanalization. These earlier studies
were performed using UK, SK, thrombolysin, and
plasmin. Despite angiographically verified arterial
recanalization with thrombolysin and SK, clinical
outcomes were poor. By the late 1970s, acute revascu-
larization in ischemic stroke was considered too dan-
gerous [19].

Interest in thrombolytic therapy for acute is-
chemic stroke re-emerged with reports of successful
thrombolysis for arterial thrombosis in the peripher-
al vascular system. Local i.a. infusion was found to
have higher rates of recanalization compared with
systemic i.v. delivery of thrombolytics without in-
creased levels of hemorrhagic complications; i.v. use
of UK and SK was found to provide clinical benefit in
patients with pulmonary embolism [5, 6]. In the ear-
ly 1980s i.a. infusion of UK or SK for acute myocardial
infarction (MI) was shown to be highly effective [5,
6]. At the same time, technical advances in endovas-
cular microcatheter and microguidewire design
made access to the intracranial vessels safer and eas-
ier, and improvements in CT made detection of cere-
bral ischemia more reliable.

Clinical Trials. Intravenous thrombolytic therapies
for stroke during the 1980s were carried out using UK
[20, 21], SK [22], and t-PA [23]. In the studies using
UK and SK, patients were often treated many hours to
several days after stroke symptom onset, with pre-
dictably poor outcomes. However, subsequent studies
recognized the critical importance of early therapy,
and several i.v. rt-PA trials used treatment windows
of less than 8 h and performed serial angiographic
evaluations of recanalization [23]. Von Kummer and
Hacke [24] found very similar results in a regimen
using t-PA 100 mg i.v. in 32 patients with angiograph-
ic and ultrasound evidence of vascular occlusion.
Several patients with proximal MCA stem (M1)
occlusions or distal internal cerebral artery (ICA)
occlusions died. The results suggested that: (1) i.v.
t-PA was effective in distal MCA branch occlusions,
(2) risk–benefit ratios were higher (i.e., poorer out-
comes) in proximal MCA occlusions, and (3) i.a.
approaches to thrombolysis of proximal MCA occlu-
sions should be pursued.



Chapter  11224 L.H. Schwamm

Based on these pilot data, three large multicenter
randomized trials were performed to evaluate the
safety and efficacy of i.v. SK alone or in combination
with aspirin or heparin: the Australian Streptokinase
Trial (ASK) [25], the Multicenter Acute Stroke Trial –
Europe (MAST–E) [26], and the Multicenter Acute
Stroke Trial – Italy (MAST–I) [27].ASK and MAST–E,
the two double-blind randomized trials, were
stopped prematurely because of excess mortality in
the thrombolysis-treated group. MAST–I was stopped
after randomizing only about a third of the intended
number of participants due to similar safety con-
cerns. Despite negative results, these trials con-
tributed important information that was critical in
the successful design of the later i.v. t-PA trials.

ECASS. The European Cooperative Acute Stroke
Study enrolled 620 patients with acute ischemic
stroke in whom treatment could be initiated within
6 h of stroke onset [28]. Patients were excluded if pre-
treatment CT showed signs of hemorrhage or major
early infarction involving more than one-third of
the MCA territory (diffuse sulcal effacement, poor
differentiation between gray and white matter, and
diffuse hypodensity). In a randomized double-blind
study, patients either received placebo or i.v. t-PA
(1.1 mg/kg to a maximum dose 100 mg; 10% bolus
followed by infusion over 1 h) and could not receive
anticoagulants, antiplatelet, cerebroprotective, or vol-
ume-expanding agents during the first 24 h. Outcome
was measured by two primary end points: the modi-
fied Rankin scale and the Barthel index at 90 days
after stroke onset.

At 3 months, there was no significant difference in
the primary end points between rt-PA-treated and
placebo-treated patients. Mortality was higher in the
t-PA group at 30 days (17.9% versus 12.7%, P=0.08)
and statistically higher at 3 months (22.4% versus
15.8%, P=0.04). Hemorrhages were common in both
groups (t-PA 42.8% versus placebo 36.8%); however,
large parenchymal hemorrhages were significantly
increased with t-PA (19.8% versus 6.5%, P<0.001)
with a significant increase in hemorrhage-associated
deaths (6.3% versus 2.4%, P=0.02). The t-PA-treated
patients who survived had shorter hospital stays and
a more rapid recovery than placebo-treated patients.

Review of the patients’ records and imaging stud-
ies showed 109 patients (17%) were actually protocol
violators, many due to unappreciated abnormalities
on the acute pre-treatment CT scans. This included
errors in interpretation at centers known for their
expertise in acute stroke. Mortality in this group
approached 50%. In a post-hoc subgroup analysis
that excluded the protocol violators, there was a
statistically significant improvement in outcome at
3 months by Rankin score but no significant differ-
ence by Barthel index. However, the rate of sympto-
matic hemorrhages was still three times greater in
the t-PA group compared with placebo, reinforcing
the point that treatment with i.v. t-PA, even in care-
fully selected patients, still carries a risk of sympto-
matic intracranial hemorrhage.

NINDS. The NINDS rt-PA Stroke Study [29] was a
two-part randomized trial of i.v. t-PA (0.9 mg/kg;
maximum 90 mg; 10% bolus and infusion over
60 min) versus placebo with treatment initiated with-
in 90 or 180 min after witnessed stroke onset. Half of
the patients in the study received drug within 90 min
of symptom onset. Pre-treatment CT scans excluded
patients with intracranial hemorrhage, but no at-
tempt was made to exclude patients on the basis of
specific CT findings of stroke. Co-administration of
anticoagulants, antiplatelet agents or cerebroprotec-
tive agents was not allowed for 24 h. In the first study
cohort, the primary outcome measure was a four-
point improvement at 24 h on the NIHSS. An early
analysis did not demonstrate a significant difference
between the groups, and so the first trial was “ended”
and a second study begun, now utilizing a global out-
come score at 90 days as the primary endpoint. This
new primary endpoint was then applied to the first
cohort as part of a combined analysis.

In the 624 patients studied, there was a trend to-
ward neurological recovery at 24 h as assessed by the
NIHSS.At 3 months,50% of t-PA-treated patients had
excellent global outcomes (minimal or no deficit)
compared with 38% of controls (12% absolute im-
provement or 30% relative improvement). Despite a
higher rate of symptomatic hemorrhage in the t-PA
group (6.4% versus 0.6%), the mortality at 3 months
was lower in the t-PA group (17% versus 21%,
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P=0.3). Subgroup analysis showed statistically robust
benefit for all stroke subtypes, including presumed
lacunar strokes. Though the numbers were too small
to be statistically significant, older patients (age
>75 years) and those with severe deficits (NIHSS
>20) had higher hemorrhage rates and mortality.
Current aspirin use was not an exclusion criterion in
the NINDS study, and there was a trend toward
increased hemorrhage in this group.

The initial data analysis suggested that time of
treatment (early versus late) within the 180-min win-
dow had no impact on outcome. However, subse-
quent re-analysis, when controlled for severity of
deficit (bad strokes come to hospital sooner), demon-
strated that there is a rapid decay of the drug effect as
the 180-min window is approached. This finding, to-
gether with the negative results of two trials looking
at the treatment windows of 0–6 h (ECASS II [30])
and 3–5 h (ATLANTIS, prematurely halted [31]),
strongly suggests that treatment with i.v. t-PA should
be initiated as rapidly as possible, and certainly no
later than 3 h.

On the basis of the NINDS trial and the previous-
ly reported i.v. rt-PA experience, rt-PA was approved
in the United States and its use endorsed in consen-
sus guidelines published by the American Heart As-
sociation Stroke Council [32, 33]and the American
Academy of Neurology [34] for treatment of acute
ischemic stroke.

Pooled Data Analysis and Meta-Analysis. A pooled
analysis was performed by the investigators of the
ATLANTIS, ECASS, and NINDS [35]. These included
data that were collected in six randomized controlled
trials in which i.v. t-PA was administered with a total,
N, of 2775. This analysis demonstrated evidence of a
substantial benefit of t-PA delivered within the first
3 h and some benefit for up to 270 min after the onset
of symptoms.

The Cochran group performed a meta-analysis
[36]. The analysis included those studies that used 
t-PA (NINDS, ECASS, and ECASS II), and also those
studies that evaluated SK: MAST–I, MAST–E, and the
Australian streptokinase study. The meta-analysis
included patients who were treated within 3 h after
symptom onset. In this analysis, there were 126 fewer

dead or dependent stroke patients for every 1000
patients treated with thrombolytic agents.

Phase IV Studies and Studies Based on Routine Clini-
cal Practice. The Standard Treatment with Alteplase
to Reverse Stroke Study (STARS) [37] included 389
patients treated within 3 h of stroke onset. The Cana-
dian Activase for Stroke Effectiveness Study (CASES)
[38] included 1,132 patients from 60 centers in Cana-
da. These two phase IV studies demonstrated out-
comes and safety comparable to the NINDS trials.

Finally, a series of publications [39–49] have de-
scribed the use of t-PA in routine clinical practice.
The results in general have been favorable. However,
strict adherence to protocols and the experience of
the individuals providing thrombolytic care were
clearly important. Indeed, an increased rate of symp-
tomatic intracerebral hemorrhage (ICH) was docu-
mented with protocol violations by several groups
[42, 46, 47, 49]. In a study of 29 Cleveland area hospi-
tals, a 15.7% rate of symptomatic ICH was found
[44]. However, 50% of these patients had protocol
deviations from treatment guidelines.

DIAS. The Desmoteplase in Acute Ischemic Stroke
trial (DIAS) [50] was a placebo-controlled, double-
blind, randomized, dose-finding phase II trial de-
signed to evaluate the safety and efficacy of i.v.
desmoteplase administered within 3–9 h of ischemic
stroke onset in patients selected by the MRI criteria
of a perfusion–diffusion mismatch on MRI. Patients
with NIHSS scores of 4–20 and MRI evidence of per-
fusion–diffusion mismatch were eligible. A total of
104 patients were studied in two parts. The first 47
patients were in part 1, and were randomized to fixed
doses of desmoteplase (25 mg, 37.5 mg, or 50 mg) or
placebo. Because of an excessive rate of symptomatic
intracranial hemorrhage (26.7%), part 1 was halted.

Part 2 was then undertaken using lower weight-
adjusted doses escalating through 62.5mg/kg,90mg/kg,
and 125 mg/kg in 57 patients. MRI criteria for part 2
included a diffusion abnormality greater 2 cm, but no
greater than one-third the MCA territory, and a per-
fusion abnormality that was at least 20% larger than
the diffusion abnormality. Reperfusion rates of up to
71.4% (P=0.0012) were observed with desmoteplase
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given at 125 mg/kg compared with 19.2% with place-
bo. A favorable 90-day clinical outcome was found
between 13.3% (62.5 mg/kg; P=0.757) and 60.0%
(125 mg/kg; P=0.0090) of patients treated with
desmoteplase compared to 22.2% of placebo-treated
patients. Symptomatic ICH in part 2 occurred in one
patient (2.2%) who received a 90 mg/kg dose. The au-
thors of this study concluded that i.v. desmoteplase
administered 3–9 h after acute ischemic stroke in
patients selected with perfusion–diffusion mismatch
is associated with a higher rate of reperfusion and
better clinical outcome compared with placebo.

The DIAS study, while only a phase II trial, raises
hopes that safe and effective i.v. fibrinolysis can be
employed in selected patients several hours after the
rt-PA limit of 3 h. The reported reduced neurotoxici-
ty of desmoteplase [18] adds to the potential utility of
this new agent. The results of a planned phase III tri-
al are eagerly awaited.

11.5 Evidence-Based Recommendations 
for Acute Ischemic Stroke Treatment 
with Intravenous Fibrinolysis

Evidence-Based Recommendations for Use of t-PA.
At the Seventh American College of Chest Physician’s
Conference on Antithrombotic and Thrombolytic
Therapy: Evidence-Based Guidelines, the following
course of action was recommended [51]. For eligible
patients i.v. t-PA should be administered intra-
venously with a dose of 0.9 mg/kg. (maximum of
90 mg), with 10% of the total dose administered as an
initial bolus and the remainder infused over 60 min,
provided that treatment is initiated within 3 h of
clearly defined symptom onset. The recommenda-
tion assumed a higher value of long-term functional
improvement relative to the value of minimizing the
risk of intracerebral hemorrhage in the immediate
peristroke period. This recommendation was based
on the criteria shown in Tables 11.2 and 11.3 to deter-
mine eligibility for treatment.

It was stressed that physicians with experience
and skill in stroke management and the interpreta-
tion of CT scans should supervise treatment. While
some have advocated vascular imaging before thera-

py, these authors indicate that treatment should not
be unduly delayed in order to facilitate vascular im-
aging. Blood pressure should be closely monitored
and kept below 180/105 mmHg and antithrombotic
agents should not be administered for 24 h.

Evidence-Based Guidelines for Large Strokes. Evi-
dence-based guidelines were also given for patients
with extensive (greater than one-third of the MCA
territory) and clearly identifiable hypodensities on
CT. The recommendation was against giving throm-
bolytics to patients with these criteria. They did note,
however, that minor ischemic changes are commonly
present, such as subtle or small areas of hypodensity,
loss of grey–white distinction and other subtle signs.
These signs are not a contraindication to treatment
[51].

Evidence-Based Guidelines for Time of Stroke Onset
Greater than 3 h. Finally reviewing the evidence
available, it was recommended that t-PA should not
be given to individuals beyond 3 h of symptom onset.
Furthermore, they recommended against the use of
SK as an i.v. thrombolytic agent in acute ischemic
stroke [51].

Neurotoxicity of t-PA. It has been demonstrated that
t-PA is expressed in central nervous system cells, in-
cluding neurons, where it has several functions [52].
In a series of animal studies, evidence has been pro-
duced to suggest that t-PA may have a deleterious ef-
fect in ischemic stroke [53–56]. It is postulated that
these effects are produced by mechanisms related to
normal physiological functions within the brain [52].
Additionally, there are data to suggest that t-PA may
enhance the probability of hemorrhage through its
upregulation of matrix metalloproteinases (MMPs)
[57, 58]. Indeed, the deleterious effect of t-PA in a
stroke model has been shown to be ameliorated by
the use of a MMP inhibitor [59], leading to the
suggestion that such inhibitors may be usefully
employed clinically in combination with t-PA [58].
Finally, it has been reported that t-PA potentiates
apoptosis in ischemic human brain endothelium and
in mouse cortical neurons treated with N-methyl-D-
aspartate (NMDA) by shifting the apoptotic path-
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ways from caspase-9 to caspase-8, which directly
activates caspase-3 without amplification through
the Bid-mediated mitochondrial pathway [60].

It must be stressed that these data arise from ani-
mal experiments, and that the clinical data strongly
suggest that if t-PA is administered within 3 h of
ischemic stroke onset, the benefits clearly outweigh
any potential deleterious effects. Nonetheless, re-
search is being conducted to develop methods to
minimize the potential neurotoxicity of t-PA [58, 60],
or to develop alternative plasminogen activators that
do not possess some of these properties, such as
desmoteplase [18].

11.6 Acute Ischemic Stroke Treatment 
with Intravenous t-PA

Time from symptom onset and imaging are surrogate
markers for the degree of ischemic brain injury.What-
ever the upper limits are for the safe use of t-PA, out-
comes will be best when the drug is given as early as
possible.“Time is brain”and the clock starts when the
symptoms start. Thrombolytic agents have the poten-
tial to rescue regions of brain destined for infarction;
rapid reperfusion can transform would-be-strokes
into transient ischemic attacks (TIAs). Intravenous 

Table 11.1. Massachusetts General Hospital acute stroke service. Protocol for intravenous (i.v.) recombinant tissue plasmino-
gen activator (rt-PA) for acute stroke. (CHF Congestive heart failure, CTA CT angiography, DWI diffusion-weighted imaging)

Start supplementary oxygen www.acutestroke.com

Treat any fever with acetaminophen for brain protection

Nil by mouth (NPO) except medications

To prevent bleeding complications after thrombolysis, do not place foley, nasogastric tube, arterial line or central venous
line unless it is absolutely necessary for patient safety or unless requested by the Acute Stroke Staff. Do not place any
femoral catheters (venous or arterial)

To maintain cerebral perfusion, do not lower blood pressure unless it is causing myocardial ischemia or exceeds
220/120 mmHg. Use labetolol i.v. (5–20 mg i.v. q 10–20 min) or, if necessary, sodium nitroprusside iv 
(0.5–10 mg/kg per min). Monitor with noninvasive cuff pressures every 15 min or continuous arterial pressure monitoring

Do not administer heparin unless recommended by the Acute Stroke Team

Arrange for emergent head CT/CTA and possible MRI with DWI/perfusion imaging if available

Page Neurology Acute Stroke Staff/Fellow if not already done

Alert Interventional Neuroradiology and Anesthesia about possible case

Alert Interventional Neuroradiology technologist and nursing

Alert Neuro ICU and check for bed availability

Call Respiratory Therapy for a ventilator to CT if accepting an intubated patient in transfer

Place and check patency of 16- to 18-gauge forearm i.v. access for potential CTA and general anesthesia

Consider chest radiograph to exclude acute CHF or aortic dissection

Can patient undergo MRI? (e.g., severe claustrophobia, implanted pacemaker, metal fragments, shrapnel)

Consider bypassing CTA if renal failure, diabetes, CHF

Hold metformin for 48 h after iodinated contrast

Transfer patient to imaging site as soon as possible

Review CT/CTA or MRI with Neuroradiology and Neurology Stroke Team on-line at scanner

If patient is eligible for IV tPA, start bolus after review of non-contrast CT.

If proximal vessel occlusion present on CTA and brain at risk detected based on mismatch between clinical and/or 
imaging parameters, consider catheter-based thrombolysis or mechanical clot disruption/extraction

Transfer patient immediately from scanner to neurointerventional suite if eligible for IA therapy

Obtain informed consent for procedure and general anesthesia in writing from patient or family
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Table 11.2. Inclusion criteria for i.v. rt-PA for acute stroke

A significant neurologic deficit expected to result in long-term disability

Noncontrast CT scan showing no hemorrhage or well-established infarct

Acute ischemic stroke symptoms with time of onset or time last known well clearly defined,
less than 3 h before rt-PA will be given

Table 11.3. Exclusion criteria for i.v. rt-PA for acute stroke. (DBP Diastolic blood pressure, PT prothrombin time, PTT partial
thromboplastin time, SBP systolic blood pressure)

Absolute exclusion criteria

Hemorrhage or well-established acute infarct on CT

CNS lesion with high likelihood of hemorrhage s/p i.v. t-PA (e.g., brain tumors, abscess, vascular malformation, aneurysm,
contusion)

Established bacterial endocarditis

Relative contraindications

Mild or rapidly improving deficits

Significant trauma within 3 months

Cardiopulmonary resuscitation with chest compressions within past 10 days

Stroke within 3 months

History of intracranial hemorrhage; or symptoms suspicious of subarachnoid hemorrhage

Major surgery within past 14 days

Minor surgery within past 10 days, including liver and kidney biopsy, thoracocentesis, lumbar puncture

Arterial puncture at a noncompressible site within past 14 days (see below for femoral artery puncture)

Pregnant (up to 10 days postpartum) or nursing woman

Gastrointestinal, urologic, or respiratory hemorrhage within past 21 days

Known bleeding diathesis (includes renal and hepatic insufficiency)

Life expectancy <1 year from other causes

Peritoneal dialysis or hemodialysis

PTT>40 s; platelet count <100,000

INR>1.7 (PT>15 if no INR available) with or without chronic oral anticoagulant use

SBP>180 mmHg or DBP>110 mmHg, despite basic measures to lower it acutely 
(see Table 11.8 for treatment recommendations)

Seizure at onset of stroke. (This relative contraindication is intended to prevent treatment of patients with 
a deficit due to post-ictal Todd’s paralysis or with seizure due to some other CNS lesion that precludes rt-PA therapy.
If rapid diagnosis of vascular occlusion can be made, treatment may be given in some cases)

Glucose <50 or >400 mmol/l. (This relative contraindication is intended to prevent treatment of patients 
with focal deficits due to hypo- or hyperglycemia. If the deficit persists after correction of the serum glucose,
or if rapid diagnosis of vascular occlusion can be made, treatment may be given in some cases)

Consideration should be given to the increased risk of hemorrhage in patients with severe deficits (NIHSS >20),
age >75 years or early edema with mass effect on CT
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t-PA has a narrow therapeutic time window and re-
duced efficacy in patients with large proximal artery
occlusions or with severe deficits. However, it can be
given without special expertise, is clearly beneficial in
acute ischemic stroke, and requires minimal technol-
ogy for patient selection (CT scan, laboratory).

Time is of the essence; therefore, it is best if a
stroke team is formed that is trained specifically for
the triage and treatment of acute stroke patients,
and that appropriate protocols are established. The
Massachusetts General Hospital (MGH) Acute Stroke
Service protocols are listed in Tables 11.1–11.8.
They include procedures to be implemented immedi-
ately in the emergency room (Table 11.1), inclusion
(Table 11.2) and exclusion (Table 11.3) criteria for 
the use of i.v. t-PA, the pre-treatment work-up 
for such patients (Table 11.4), and details of rt-PA 
infusion (Table 11.5). Also listed are protocols for
pre- and post-treatment management (Table 11.6),
procedures for symptomatic hemorrhage after rt-PA
has been given (Table 11.7), and for blood pressure
control after i.v. rt-PA has been given (Table 11.8)
www.acutestroke.com.

The objective, clinical assessment of the stroke
patient is important for therapeutic decisions and
prognosis. The most valuable instrument during 
the acute stroke period is the NIHSS, which is listed
in Table 11.9. Two other commonly used clinical
stroke scales include the Modified Rankin Scale
(Table 11.10) and the Barthel Index (Table 11.11).

Table 11.4. Pre-treatment work-up. (CBC Complete blood
count, ESR erythrocyte sedimentation rate, hCG human chori-
onic gonadotrophin)

Temperature, pulse, BP, respirations

Physical exam/neurologic exam

EKG (may be completed after start of i.v. t-PA)

CBC with platelets, basic metabolic and hepatic function
panel, PT (INR), PTT, ESR, fibrinogen

Urine hCG in women of child-bearing potential

Consider hypercoagulable panel in young patients
without apparent stroke risk factors

Blood for type and cross match

Table 11.5. rt-PA infusion

Dose: 0.9 mg/kg (maximum dose of 90 mg)

Give 10% as a bolus followed by the remaining 90% 
as a continuous infusion over 60 min

Table 11.6. Pre- and post-treatment management

ICU admission or equivalent setting for monitoring 
during first 24 h

Vital signs q 15 min for 2 h, then q 30 min for 6 h,
then q 1 h for 16 h

Strict control of BP for 24 h as per protocol

Neuro checks q 1 h for 24 h

Pulse oximeter; oxygen cannula or mask to maintain O2

saturations >95%

Acetaminophen 650 mg po/pr q 4 h p.r.n. T>37 °C
(99.4 °F); cooling blanket p.r.n. T>39 °C (102 °F), set to
avoid shivering

No antiplatelet agents or anticoagulants in first 24 h

No foley catheter, nasogastric tube,
arterial catheter or central venous catheter for 24 h,
unless absolutely necessary

STAT head CT for any worsening of neurologic condition

Table 11.7. Procedures for symptomatic hemorrhage after
rt-PA has been given.(FFP Fresh frozen plasma, ICH intracranial
hemorrhage, ICP intracranial pressure)

STAT head CT, if ICH suspected

Consult Neurosurgery for ICH

Check CBC, PT, PTT, platelets, fibrinogen 
and D-dimer. Repeat q 2 h until bleeding is controlled

Give FFP 2 units every 6 h for 24 h after dose

Give cryoprecipitate 20 units. If fibrinogen level
<200 mg/dl at 1 h, repeat cryoprecipitate dose

Give platelets 4 units

Give protamine sulfate 1 mg/100 U heparin received 
in last 3 h (give initial 10 mg test dose slow i.v. over
10 min and observe for anaphylaxis; if stable give entire
calculated dose slow IVP; maximum dose 100 mg)

Institute frequent neurochecks and therapy 
of acutely elevated ICP, as needed

May give aminocaproic acid (Amicar®) 5 g in 250 ml 
normal saline i.v. over 1 h as a last resort
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Table 11.8. Protocol for blood pressure control after i.v. rt-PA for acute stroke

Patients will be admitted to the ICU for hemodynamic monitoring for a minimum of 24 h. A noninvasive BP cuff is recom-
mended unless sodium nitroprusside is required. BP will be strictly controlled according to the guidelines used in the
NINDS trial as listed below. Clinical deterioration associated with acute reduction in BP should be evaluated immediately

Monitor arterial blood pressure during the first 24 h after starting treatment:
Every 15 min for 2 h after starting the infusion, then
Every 30 min for 6 h, then
Every 60 min for 24 h after starting treatment

If systolic blood pressure is 180–230 mmHg or if diastolic blood pressure is 105–120 mmHg for two 
or more readings 5–10 minutes apart:

Give i.v. labetolol 10 mg over 1–2 min.The dose may be repeated or doubled every 10–20 min up to a total dose 
of 150 mg
Monitor blood pressure every 15 min during labetolol treatment and observe for development of hypotension

If systolic blood pressure in >230 mmHg or if diastolic blood pressure is in the range 121–140 mmHg for two 
or more readings 5–10 min apart:

Give i.v. labetolol 10 mg over 1–2 min.The dose may be repeated or doubled every 10 min up to a total dose of 150 mg
Monitor blood pressure every 15 min during the labetolol treatment and observe for development of hypotension
If no satisfactory response, infuse sodium nitroprusside (0.5–10 mg/kg per min)

If diastolic blood pressure is >140 mmHg for two or more readings 5–10 min apart:
Infuse sodium nitroprusside (0.5–10 mg/kg per min)
Monitor blood pressure every 15 min during infusion of sodium nitroprussidea and observe for development 
of hypotension

a Continuous arterial monitoring is advised if sodium nitroprusside is used.The risk of bleeding secondary to an arterial punc-
ture should be weighed against the possibility of missing dramatic changes in pressure during infusion

Table 11.9. NIHSS

1a. Level of consciousness: 0 Alert
1 Not alert, but arousable with minimal stimulation
2 Not alert, requires repeated stimulation to attend

SCORE ___ 3 Coma

1b. Ask patient the month and their age: 0 Answers both correctly
1 Answers one correctly

SCORE ___ 2 Both incorrect

1c. Ask patient to open and close eyes: 0 Obeys both correctly
1 Obeys one correctly

SCORE ___ 2 Both incorrect

2. Best gaze (only horizontal eye movement): 0 Normal
1 Partial gaze palsy

SCORE ___ 2 Forced deviation

3. Visual field testing: 0 No visual field loss
1 Partial hemianopia
2 Complete hemianopia

SCORE ___ 3 Bilateral hemianopia (blind including cortical blindness)

4. Facial paresis (ask patient to show teeth 0 Normal symmetrical movement
or raise eyebrows and close eyes tightly): 1 Minor paralysis (flattened nasolabial fold, asymmetry on smiling)

2 Partial paralysis (total or near-total paralysis of lower face)
SCORE ___ 3 Complete paralysis of one or both sides 

(absence of facial movement in the upper and lower face)
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Table 11.9. (continued)

5. Motor function – arm (right and left): 0 Normal [extends arms 90° (or 45°) for 10 s without drift]
Right arm ___ 1 Drift
Left arm ___ 2 Some effort against gravity

3 No effort against gravity
4 No movement

SCORE ___ 9 Untestable (joint fused or limb amputated)

6. Motor function – leg (right and left): 0 Normal (hold leg 30° position for 5 s)
Right leg ___ 1 Drift
Left leg ___ 2 Some effort against gravity

3 No effort against gravity
4 No movement

SCORE ___ 9 Untestable (joint fused or limb amputated)

7. Limb ataxia 0 No ataxia
1 Present in one limb

SCORE ___ 2 Present in two limbs

8. Sensory (use pinprick to test arms, legs, 0 Normal
trunk and face – compare side to side) 1 Mild to moderate decrease in sensation
SCORE ___ 2 Severe to total sensory loss

9. Best language 0 No aphasia
(describe picture, name items, 1 Mild to moderate aphasia
read sentences) 2 Severe aphasia
SCORE ___ 3 Mute

10. Dysarthria (read several words) 0 Normal articulation
1 Mild to moderate slurring of words
2 Near unintelligible or unable to speak

SCORE ___ 9 Intubated or other physical barrier

11. Extinction and inattention 0 Normal
1 Inattention or extinction to bilateral simultaneous 

stimulation in one of the sensory modalities
SCORE ___ 2 Severe hemi-inattention or hemi-inattention 

to more than one modality
TOTAL SCORE ___

Table 11.10. Modified Rankin scale

0 No symptoms at all

1 No significant disability despite symptoms: able to carry out all usual duties and activities

2 Slight disability: unable to carry out all previous activities, but able to look after own affairs without assistance

3 Moderate disability: requiring some help, but able to walk without assistance

4 Moderate to severe disability: unable to walk without assistance, and unable to attend to own bodily needs 
without assistance

5 Severe disability: bedridden, incontinent, and requiring constant nursing care and attention

6 Death
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Table 11.11. Barthel index [61–65] (http://www.neuro.mcg.edu/mcgstrok/Indices/Barthel_Ind.htm)

Activity Score

Feeding 0 = unable 0 5 10
5 = needs help cutting, spreading butter, etc., or requires modified diet

10 = independent

Bathing 0 = dependent 0 5
5 = independent (or in shower)

Grooming 0 = needs to help with personal care 0 5
5 = independent face/hair/teeth/shaving (implements provided)

Dressing 0 = dependent 0 5 10
5 = needs help but can do about half unaided

10 = independent (including buttons, zips, laces, etc.)

Bowels 0 = incontinent (or needs to be given enemas) 0 5 10
5 = occasional accident

10 = continent

Bladder 0 = incontinent, or catheterized and unable to manage alone 0 5 10
5 = occasional accident

10 = continent

Toilet use 0 = dependent 0 5 10
5 = needs some help, but can do something alone

10 = independent (on and off, dressing, wiping)

Transfers 0 = unable, no sitting balance 0 5 10 15
(bed to chair and back) 5 = major help (one or two people, physical), can sit

10 = minor help (verbal or physical)
15 = independent

Mobility 0 = immobile or <50 yards
(on level surfaces) 5 = wheelchair independent, including corners, >50 yards

10 = walks with help of one person (verbal or physical) >50 yards
15 = independent (but may use any aid; for example, stick) >50 yards

Stairs 0 = unable 0 5 10
5 = needs help (verbal, physical, carrying aid)

10 = independent

TOTAL (0–100) ________________

Patient name: ________________ Rater: ________________ Date: ____ / ____ /____ :

The Barthel ADL Index: guidelines
1. The index should be used as a record of what a patient does, not as a record of what a patient could do
2. The main aim is to establish degree of independence from any help, physical or verbal, however minor and for whatever

reason
3. The need for supervision renders the patient not independent
4. A patient’s performance should be established using the best available evidence. Asking the patient, friends/relatives and

nurses are the usual sources, but direct observation and common sense are also important. However direct testing is not
needed

5. Usually the patient’s performance over the preceding 24–48 h is important, but occasionally longer periods will be relevant
6. Middle categories imply that the patient supplies over 50% of the effort
7. Use of aids to be independent is allowed
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11.7 Conclusion

Based on the currently available data, three conclu-
sions can be drawn: (1) time from symptom onset re-
mains critical, (2) better patient selection and triage
criteria can be used to reduce risk and increase effi-
cacy, and (3) centers must develop an organized re-
sponse to acute ischemic stroke with clinical proto-
cols and quality of care assessment tools.

Future research should focus on reducing the risks
of hemorrhage through better patient selection and
developing individualized drug delivery and dosing
strategies. Rapid diagnostic imaging tools that iden-
tify the site of vascular occlusion, exclude nonis-
chemic etiologies that mimic acute stroke, and char-
acterize the energy state and perfusion status of
brain parenchyma will help to ensure appropriate pa-
tient selection. As demonstrated in other chapters in
this book, CTA, CT perfusion, and diffusion and per-
fusion MRI may provide this detailed information in
a clinically meaningful manner. MR imaging can also
identify patients with occult hemorrhage due to dis-
eases such as amyloid angiopathy, who may be at
increased risk of intracerebral lobar hemorrhage
when given thrombolytic therapy.

Alternatively, promising results of i.a. recanaliza-
tion trials have demonstrated benefit up to and
beyond 6 h after stroke onset. Unfortunately, special
expertise and technology are needed to support i.a.
recanalization, and this is unlikely to be available to
most community hospitals. However, a regional ap-
proach to acute stroke care might connect communi-
ty hospitals with tertiary centers that are equipped for
i.a. thrombolysis. In this context,rapid noninvasive di-
agnostic testing would facilitate optimal patient selec-
tion and guide therapeutic decisions. Because of its
ability to rapidly identify or exclude proximal vessel
occlusion, CTA may facilitate patient selection for i.v.
versus i.a. thrombolytic therapy and trigger a system
for rapid evacuation of those patients requiring i.a.
therapy to an affiliated institution. For centers that do
not have ready access to neuroendovascular special-
ists, i.v. t-PA is still superior to conventional therapy
(e.g., heparin or antiplatelet agents) and should be
initiated immediately in appropriate cases.
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12.1 Rationale

Stroke remains the third most common cause of
death in the industrialized nations, after myocardial
infarction and cancer, and the single most common
reason for permanent disability [1]. In 1996, the Food
and Drug Administration (FDA) approved intra-
venous (i.v.) thrombolysis with recombinant tissue
plasminogen activator (rt-PA, alteplase) for the treat-
ment of acute ischemic stroke after reviewing the re-
sults of the National Institute of Neurological Disor-
ders and Stroke (NINDS) and rt-PA Stroke Study
Group trial [2]. Intravenous rt-PA thrombolysis was
the first approved treatment for acute stroke that
effectively treats the causative vascular occlusion.
This strategy has the advantage of being relatively
easy and rapid to initiate, and does not require spe-
cialized equipment or highly technical expertise.
Even though thrombolysis was initially a matter of
relative controversy, its benefits are now unquestion-
able. A Cochrane Database Review included 18 trials
(16 double-blind) with a total of 5727 patients who
received thrombolytics [i.v. urokinase, streptokinase,
rt-PA or recombinant intra-arterial (i.a.) pro-uroki-
nase] up to 6 h after ischemic stroke. The review
showed a significant reduction in the proportion of
patients who were dead or dependent (modified
Rankin 3–6) at the end of follow-up at 3–6 months
[odds ratio (OR) 0.84, 95% confidence interval (CI)
0.75–0.95] despite a significant increase in the odds
of death within the first 10 days (OR 1.81, 95% CI
1.46–2.24), most of which were related to sympto-
matic intracranial hemorrhage (OR 3.37, 95% CI
2.68–4.22) [3]. Moreover, a recent pooled analysis of
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six major randomized placebo-controlled i.v. rt-PA
stroke trials (ATLANTIS I and II, ECASS I and II, and
NINDS I and II), including 2775 patients who were
treated with i.v. rt-PA or placebo within 360 min of
stroke onset, suggested a potential benefit beyond
3 h, even though the chances of a favorable 3-month
outcome decreases as the interval from stroke onset
to start of treatment increases.

However, i.v. rt-PA is not a panacea for acute stroke
treatment. Indeed, the recanalization of proximal
arterial occlusion by i.v. rt-PA ranges from 10% for
internal carotid artery (ICA) occlusion to 30% for
proximal middle cerebral artery (MCA) occlusion
[4].Analysis of the NINDS data shows only a 12% ab-
solute increase in good outcomes between the place-
bo and rt-PA group at 3 months [5]. In other words,
eight stroke patients must be treated with rt-PA to
achieve one additional good patient outcome. How-
ever, this analysis understates the impact of rt-PA on
stroke patients because it fails to include the patients
who partially improved [6]. Even when considering
this argument, rates of improvement are far from ide-
al and, given the prevalence and impact of acute is-
chemic stroke, it is imperative to devise strategies
that can be more effective.

Local i.a. thrombolysis (IAT) has several theoreti-
cal advantages over i.v. thrombolysis. For instance, by
using coaxial microcatheter techniques, the occluded
intracranial vessel is directly accessible and the fibri-
nolytic agent can be infused into the thrombus. This
allows a smaller dose of fibrinolytic agent to reach a
higher local concentration than that reached by sys-
temic infusion. With the smaller dose, complications
from systemic fibrinolytic effects, including intracra-
nial hemorrhage, can theoretically be reduced.

Moreover, thrombolytics need only be given for as
long as the vascular occlusion persists, avoiding ex-
posure to unnecessary higher doses. For these rea-
sons, the treatment window for endovascular lysis
can be extended over the typical i.v. window of 3 h.
Another major advantage is the combination of
thrombolytic treatment with mechanical manipula-
tion of the clot, which may improve recanalization
rates [7]. Indeed, mechanical lysis with little or no
thrombolytic agent has emerged as a key option for
patients who either have a contraindication to
thrombolytics (e.g., recent surgery) or are late in
their presentation [8, 9]. Furthermore, adjunctive en-
dovascular treatment may be essential for the accom-
plishment of a successful thrombolysis; for example,
through stenting of a dissected vessel, or through an-
gioplasty with or without stenting of an occlusive
lesion [10–12].

The major disadvantages to the endovascular
strategy include the delay in initiating treatment be-
cause of the logistics of doing an angiogram, the ad-
ditional risks and expense of an invasive procedure,
and the fact that this therapy is not available in many
communities.

12.2 Technical Aspects

The Massachusetts General Hospital (MGH) protocol
for IAT in acute stroke, including inclusion and ab-
solute exclusion criteria, relative contraindications,
pre- and post-thrombolysis work-up and manage-
ment, and management of symptomatic intracranial
hemorrhage (ICH) after thrombolysis, is described in
the Appendix at the end of this chapter.

Fig. 12.1 a–i �

A 74-year-old female presenting with sudden onset of left hemiparesis, right gaze deviation and slurred speech. a Non-
contrast head CT showed a “hyperdense MCA sign”on the right.b, c CTA demonstrated a proximal right MCA cut-off. d CT
perfusion showed reduction in cerebral blood flow (CBF) with e prolongation of mean transit time (MTT) and f relative
preservation of cerebral blood volume (CBV) in the right MCA territory consistent with a salvable ischemic penumbra
(CBF/CBV “mismatch”). g Angiogram confirmed proximal MCA occlusion with good collateral flow. h Complete recanal-
ization occurred post intra-arterial thrombolysis (IAT) with 2.6 mg of rt-PA and wire manipulation. i Follow-up MRI demon-
strated a right MCA infarct involving the deep nuclei but sparing the cortex. This frequently happens with occlusions
proximal to the lenticulostriate vessels, given the poor collateral flow to this territory
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12.2.1 Pre-procedure Evaluation 
and Patient Monitoring

After clinical and imaging evaluation suggests the
need for IAT, the anesthesia team is contacted and in-
formed of the patient’s estimated time of arrival at
the interventional neuroradiology suite. Patients re-

ferred from other institutions who have had ICH and
infarcts greater than one-third of the involved vascu-
lar territory excluded by outside CT may receive i.v.
t-PA before transfer and while en route as part of a
“bridging” approach [13]. When CT/CT angiography
(CTA) confirms the presence of a large vessel occlu-
sion, the patient is brought emergently to angiogra-

Fig. 12.2 a–m

A 69-year-old female presenting with sudden onset of right hemiparesis, left gaze deviation and aphasia.a,b CTA demon-
strated a proximal cut-off in the inferior division of the left MCA. c, d Diffusion-weighted imaging (DWI) and apparent
diffusion coefficient (ADC) maps showed a small focus of restricted diffusion in the left MCA territory. e–g CT perfusion
and h–j MR perfusion showed reduction in CBF (e, h) with prolongation of MTT (f, i) and relative preservation of CBV (g, j)
in the left MCA territory consistent with a salvageable ischemic penumbra (CBF/CBV or DWI/PWI “mismatch”).The patient
could not undergo IAT given high INR on presentation. Follow-up MRI demonstrated growth of the left MCA infarct into
the area of ischemic penumbra (k–m)

h i j
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phy. Soft-copy review of noncontrast CT with vari-
able window width and center level settings to accen-
tuate the contrast between normal and edematous
tissue (e.g., width 30, level 30) may optimize the
recognition of early ischemic changes [14]. We con-
sider the presence of hypodensity involving greater
than one-third of the affected vascular territory a
contraindication for thrombolysis [15]. Review of
post-contrast CTA source images provides a good es-
timative of whole-brain perfusion without the delay
required to process the conventional CT perfusion
images [16]. However, if time allows, CT perfusion
maps can more accurately characterize the ischemic
penumbra (Figs. 12.1, 12.2) [17]. Careful but expedit-
ed pre-procedural analysis of the CTA may be ex-
tremely helpful in establishing the presence of
anatomic variants (e.g., bovine aortic arch) or patho-
logical states (e.g., vessel origin or bifurcation dis-
ease) prior to the catheterization procedure. Concur-
rently, the team Neurologist and/or interventional
Neuroradiologist obtain consent while other team
members prepare the patient for the procedure.

MRI with MRA, as well as diffusion- and perfu-
sion-weighted imaging (DWI/PWI), has the advan-
tage of providing more complete information on
brain parenchymal injury and penumbra at risk.
However, it is important that the MRI is performed in
a manner that does not significantly delay the en-
dovascular therapy. Nonetheless, MRI can be partic-
ularly helpful in selected difficult cases. Patients who
present with seizures at stroke onset, a contraindica-
tion to i.v. t-PA in the NINDS trial, may need to un-
dergo MRI to exclude the possibility of post-ictal
Todd’s paralysis unless vascular occlusion is clearly
seen on CTA [18]. Similarly, in other situations such
as complex migraine, functional disorder, transient
global amnesia, acute demyelination, amyloid an-
giopathy, and brain tumor, the diagnostic abilities of
MR can be useful in distinguishing a stroke mimic
from an acute ischemic stroke [19]. It should be not-
ed, however, that prolonged seizures and acute de-
myelination can also cause restricted diffusion. We
and others have found that DWI lesions can be par-
tially reversed by IAT in as many as 19% of cases [20,
21]. The application of DWI and PWI in the extension
of the therapeutic time window for acute stroke is
currently under investigation [22, 23].

A sterile angiography equipment tray should al-
ways be prepared at the end of each workday for
emergency use after hours to save time during set up.
The patient is placed on a cooling blanket to induce
moderate hypothermia for brain protection while on
the angiography table. Stroke patients are often con-
fused, uncooperative, and combative, which makes
digital subtraction angiography and microcatheteri-
zation difficult. In addition, access to the patient is
limited within the biplane angiographic unit making
airway management problematic. The major disad-
vantage of general anesthesia is the inability to mon-
itor neurological status during the procedure. In
most cases the induction of general anesthesia re-
quires only a few minutes and can be performed in
tandem with other steps of patient preparation. In
addition to giving general anesthesia, the Anesthesi-
ologist also controls patient monitoring [blood pres-
sure (BP) management, airway management, and an-
ticoagulation], leaving the interventional Neuroradi-
ologist free to concentrate on the technical aspects of
the procedure.

A radial arterial line and Foley catheter are placed
if time and manpower permit. Alternatively, blood
pressure can be monitored via the femoral arterial
sheath. Immediately prior to the induction of gener-
al anesthesia, the patient’s neurological status is re-
assessed. If deficits have resolved or are rapidly im-
proving, the procedure should be aborted. Mild in-
duced hypertension (systolic 140–160 mmHg) can
maximize cerebral perfusion via leptomeningeal col-
laterals or through a partial occlusion. However, se-
vere hypertension should be avoided and promptly
treated. Sustained systolic BP over 180 mmHg and/or
diastolic BP over 110 mmHg is considered a con-
traindication to thrombolysis. Large bore peripheral
access is recommended over central venous catheter-
ization. If central venous access is necessary, a
femoral venous catheter can be inserted preferably
under fluoroscopy. Both groins should be prepared in
standard sterile fashion. The best pulse should be
used for arterial access. A micropuncture kit should
be used to obtain arterial and venous access in
patients who are about to receive or have already
received thrombolytics.
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12.2.2 Procedural Technique

12.2.2.1 Chemical Thrombolysis

A long flexible sheath should be used to obviate diffi-
cult catheterizations in patients with tortuous iliac
vessels. Typically, a 5 or 6 French guide catheter with
a large inner diameter is used, but if angioplasty or
stenting of the cervical vessels is anticipated, an 8 or
9 French catheter may be required. The guide
catheter should be placed in the vessel of interest
without delay (the Circle of Willis and pial collaterals
have been previously evaluated by CTA).After a base-
line angiogram confirms the presence and location of
vascular occlusion, a wire-guided end hole micro-
catheter (e.g., Prowler microcatheter – Cordis Neu-
rovascular, Miami Lakes, Fla., USA) is navigated into
the face of the clot. The microwire is used to gently
traverse the clot. Care must be taken in this essential-
ly blind manipulation to avoid vascular perforation
or dissection. Hand injection of a small amount of
contrast can be performed to define the distal end of
the clot. Once the microcatheter is advanced beyond
the clot, thrombolytic infusion begins– the micro-
catheter is pulled back through the clot while drug is
infused. Urokinase (UK) comes in powder form and
the dosage is measured in units. It is best to reconsti-
tute the powder (250,000 units per vial) in 5 ml of
sterile water solution.This solution is then further di-
luted in 45 ml of normal saline to obtain a final con-
centration of 5,000 units/ml. The mixture should be
slowly mixed to avoid foaming. UK is injected with 1-
ml syringes as the microcatheter is pulled slowly
back through the thrombus. This manipulation laces
the clot with UK and is repeated several times, cross-
ing the clot with the microcatheter and microwire.
After the first pass, the arterial anatomy is better un-
derstood and more aggressive manipulations with
the microwire can be made to mechanically disrupt
the clot. We infuse UK at a rate of approximately
10,000 units/min (600,000 units/h). Rough adjust-
ments are made depending on the clinical circum-
stances and imaging findings.

The interventional Neuroradiologist should limit
the number of angiograms and microcatheter injec-
tions performed during the exam. Direct injection of
contrast into stagnant vessels, which have injured
glial cells, and breakdown of the blood–brain barrier

may result in contrast extravasation. Contrast is read-
ily visualized on immediate post-thrombolysis CT as
an area of high attenuation in the parenchyma.In some
instances, MRI with susceptibility sequence may be
necessary to differentiate contrast extravasation
from ICH [24]. This may be of particular importance
in patients who need early anticoagulation or anti-
platelet therapy. The area of contrast stain appears to
correlate with the location of eventual infarct.

Despite the direct infusion of UK into the throm-
bus, clot disintegration requires an average of 90 min
with traditional thrombolytic infusion and moderate
microwire mechanical manipulation. Recanaliza-
tion is frequently seen using UK at doses around
750,000 units but the amount of time and throm-
bolytic needed for recanalization varies according to
the age and nature of the thrombus. Freshly formed
thrombi usually dissolve easily, but thrombus that
has embolized from the heart or from other sources
may be older and more resistant to lysis.

Once bulk antegrade flow is restored, it may be
necessary to lyse distal emboli in clinically significant
territories, which requires repositioning of the mi-
crocatheter. Successful recanalization should be
based on guide catheter injections rather than micro-
catheter injections since superselective injections
may incorrectly demonstrate antegrade flow even
though the vessel is still occluded on guide catheter
angiograms. The infusion is terminated when ade-
quate antegrade flow is restored, or the predeter-
mined time limit or maximal dose limit is reached.
Ominous signs such as contrast extravasation should
prompt immediate termination of drug infusion, fol-
lowed by the appropriate management steps. Treat-
ment of anterior circulation ischemia should occur
within 6 h of ictus or before using more than
1,250,000 units of UK in patients who have not
received i.v. t-PA, or before using more than
500,000 units of UK in patients who have received 
i.v. t-PA. There is no specific time window for posteri-
or circulation ischemia treatment, but dosages of UK
are limited to 1,500,000 units.

Fibrinolytic agents have several disadvantages.
First, although direct infusion maximizes the local
drug concentration, dissolution of a clot takes an
extended period of time, and time is critical in pre-
serving the penumbra. Second, fibrinolytics increase
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the risk of hemorrhage locally within the brain or
systemically. Lastly, not all thromboembolic occlu-
sions can be lysed with thrombolytic drugs. This re-
sistance to enzymatic degradation may be related to
excessive cross-linking in mature embolic clots, or to
emboli composed of cholesterol, calcium, or other
debris from atherosclerotic lesions. In others, the lack
of flow may result in decreased delivery of circulating
plasminogen, allowing the high concentration of fib-
rinolytic to quickly deplete the available plasmino-
gen. This local plasminogen deficiency would result
in impaired fibrinolytic activity [25].

12.2.2.2 Mechanical Thrombolysis

Mechanical thrombolysis has several advantages over
chemical thrombolysis and may be used as a primary
or adjunctive strategy. First, it lessens and may even
preclude the use of thrombolytics, in this manner re-
ducing the risk of ICH. Second, by avoiding the use of
thrombolytics it may be possible to extend the treat-
ment window beyond 6 h. Third, mechanically frag-
menting a clot increases the surface area accessible to
fibrinolytic agents and allows inflow of fresh plas-
minogen, which in turn increases the speed of lysis.

Fig. 12.3 a–f

a–c A 47-year-old male presenting with coma in the setting of left vertebral artery dissection and distal basilar occlusion.
d–f Complete recanalization occurred post-IAT with 3.5 mg of rt-PA and wire manipulation
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Finally, clot retrieval devices may provide faster re-
canalization and may be more efficient at coping with
material resistant to enzymatic degradation.

Currently, there are several techniques available
for mechanical thrombolysis. The most common is
the use of probing the thrombus with the microgu-
idewire.This technique useful in facilitating chemical
thrombolysis (Fig. 12.3) [7]. Alternatively, a snare
(e.g., Amplatz Goose-Neck Microsnare, Microvena,
White Bear Lake, Minn., USA) can be used for multi-
ple passes through the occlusion to disrupt the
thrombus [26]. A snare can also be used for clot re-

trieval, mostly in situations where the clot has a firm
consistency or contains solid material [27]. Inflation
of soft balloons in the proximal vessels may reduce or
reverse flow and facilitate the clot extraction [9]. Bal-
loon-assisted thrombolysis has gained wide accept-
ance with the advent of the newer and more compli-
ant balloons (Fig. 12.4). However, the risks of vascu-
lar rupture and distal emboli cannot be underesti-
mated and we reserve this technique for patients
whose flow cannot be restored by more conservative
means. Indeed, when underlying atherosclerotic
lesions are found after clot lysis, the need for angio-

Fig. 12.4 a–f

An 88-year-old male presenting with sudden onset of right hemiparesis, left gaze deviation and aphasia. Angiography
demonstrated complete occlusion of the M1 segment of the left MCA (a, b). Recanalization of the left MCA (e, f) was
accomplished after i.a. infusion of 450,000 units of urokinase and angioplasty using a Hyperglide balloon (c, d). d Note
the circumferential “waisting”of the balloon, likely related to a previous existing stenosis. e Final angiogram showed mild
to moderate residual narrowing at that area
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plasty should be based upon the hemodynamic
effects of the stenosis. If antegrade flow can be main-
tained with anticoagulation alone, angioplasty is not
necessary in the acute phase. However, many stenoses
reduce flow sufficiently and lead to re-thrombosis
[12]. In these patients, angioplasty with or without
stenting in concert with thrombolysis can be more ef-

fective in maintaining perfusion than thrombolysis
alone [28–31]. The angioplasty balloon catheters we
have used for mechanical thrombolysis include the
Sentry (Boston Scientific, Fremont, Calif., USA) and
Hyperglide (Micro Therapeutics,Irvine, Calif., USA).
Antegrade flow is essential for the maintenance of
vessel patency. This is particularly evident in patients

a b
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Fig. 12.5 a–d

A 51-year-old male presenting
with coma. Angiogram revealed
dissection and occlusion of the
proximal right vertebral artery
with flow reconstitution through
muscular collaterals at the level
of C4 (a) as well as occlusion of
the midbasilar artery (b). The
right vertebral artery was suc-
cessfully recanalized after stent
placement across the dissected
segment with subsequent bal-
loon angioplasty and i.a. infu-
sion of 4 mg eptifibatide (c).
Complete recanalization of the
basilar artery was achieved
post-IAT with 450,000 units of
urokinase and wire manipula-
tion (d)
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with severe proximal (cervical) stenosis; it is com-
mon for these patients to develop re-thrombosis after
vessel recanalization. These patients may also benefit
from angioplasty and/or stenting of the proximal le-
sion in addition to thrombolysis of the distal vessels
(Fig. 12.5) [10].

The disadvantages of clot removal include the
technical difficulty of navigating mechanical devices
into the intracranial circulation, excessive trauma to
the vasculature, and fragmented thrombus causing
distal emboli. Nonetheless, the advantages of me-
chanical thrombolysis appear to outweigh these dis-
advantages.

12.2.2.3 New Mechanical Devices

The Concentric Retriever (Concentric Medical,
Mountain View, Calif., USA), a flexible, tapered Niti-
nol wire with a helical tip that is used in conjunction
with a balloon guide catheter and a microcatheter, is
the only device currently approved by the FDA for the
endovascular treatment of stroke patients (Fig. 12.6).
The Mechanical Embolus Removal in Cerebral Is-
chemia (MERCI) Trial involved the use of this device
in 141 patients with occlusion involving the ICA, the
M1 segment of the MCA, or the basilar or vertebral
arteries, within 8 h of symptoms onset. None of the
patients were eligible for i.v. thrombolysis. Interim
data from this trial showed that 47% of patients
treated only with the device were successfully revas-
cularized. Of those patients, about half had good
functional outcomes measured at 90 days post treat-
ment [8].

The EKOS MicroLys US infusion catheter (EKOS,
Bothell, Wash., USA) is a 2.5 F standard microinfu-
sion catheter with a 2-mm, 2.1-MHz ring sonography
transducer (average power, 0.21–0.45 W) at its distal
tip that creates a microenvironment of ultrasonic vi-
bration to facilitate thrombolysis. In a pilot study,
where ten patients with anterior-circulation occlu-
sions (mean NIHSS of 18.2) and four with posterior-
circulation occlusions (mean NIHSS of 18.75) were
treated with this device, TIMI 2–3 flow (for explana-
tion of TIMI see Table 12.2) was achieved in 8 out of
the 14 patients in the first hour. Average time to re-

canalization was 46 min. No catheter-related adverse
events occurred [32].

The EPAR (Endovascular Photoacoustic Recanal-
ization; Endovasix, Belmont, Calif., USA) is a me-
chanical clot fragmentation device based on laser
technology. However, the emulsification of the
thrombus is a mechanical thrombolysis and not a
direct laser-induced ablation. The photonic energy is
converted to acoustic energy at the fiberoptic tip
through creation of microcavitation bubbles. In a re-
cent study, where 34 patients (10 ICA, 12 MCA, 1 PCA,
and 11 vertebrobasilar occlusions) with a median
NIHSS of 19 were treated with EPAR, the overall
recanalization rate was 41.1% (14/34). In 18 patients
with vessel recanalization, complete EPAR treatment
was possible in 11 patients (61.1%). The average
lasing time was 9.65 min. Additional treatment with
i.a. t-PA occurred in 13 patients. One patient had a
vessel rupture resulting in fatal outcome. Sympto-
matic hemorrhages occurred in 2 patients (5.9%).
The overall mortality rate was 38.2% [33].

The Possis AngioJet system (Possis Medical, Min-
neapolis, Minn., USA) is a rheolytic thrombectomy
device that uses high-pressure saline jets to create a
distal Venturi suction which gently agitates the clot
face. The generated clot fragments are then sucked
into the access catheter. A 5-French Possis AngioJet
catheter has been used in our institution to success-
fully treat three patients who presented with acute
stroke in the setting of ICA occlusion. Patency of the
carotid artery was reestablished in two patients. In
the third patient, the device was able to create a
channel through the column of thrombus, allowing
intracranial access [34].

12.2.2.4 Thrombolytic Agents

The thrombolytic drugs act by converting the inac-
tive proenzyme plasminogen into the active enzyme
plasmin. Plasmin can degrade fibrinogen, fibrin
monomers, and cross-linked fibrin (as is found in
thrombus) into fibrin(ogen) degradation products.
These agents vary in stability, half-life, and fibrin
selectivity. The thrombolytics that have been used 
for stroke IAT include urokinase (UK), alteplase,
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reteplase, prourokinase (pro-UK), and streptokinase
(SK) [26,35]. In general, the nonfibrin-selective drugs
(e.g., UK and SK) can result in systemic hypofibrino-
genemia, whereas the fibrin-selective agents (e.g.,
rt-PA and rpro-UK) are only active at the site of
thrombosis.

First-Generation Agents. Streptokinase, a protein de-
rived from group C b-hemolytic streptococci, has a
half-life of 16–90 min and low fibrin specificity. This
drug is no longer used for stroke IAT. Urokinase is a
serine protease with a plasma half-life of 14 min and
low fibrin specificity. The UK dose used in cerebral
IAT has ranged between 0.02×106 and 2¥106 units
[35]. UK was withdrawn from the market in 1999 but
was approved for lysis of pulmonary embolism in
2003, and has again become the thrombolytic agent
of choice for stroke IAT at our institution.

Second-Generation Agents. Alteplase (rt-PA) is a
serine protease with a plasma half-life of 3.5 min and
a high degree of fibrin affinity and specificity. The 

rt-PA dose used in cerebral IAT has ranged between
20 and 60 mg [35]. The theoretical disadvantages of
alteplase include its relatively short half-life and lim-
ited penetration in the clot matrix because of strong
binding with surface fibrin, which could delay re-
canalization and increase the risk of recurrent occlu-
sion. Pro-urokinase (rpro-UK) is the proenzyme pre-
cursor of UK. It has a plasma half-life of 7 min and
high fibrin specificity. Despite the favorable results of
the PROACT I and II trials, the FDA has not yet
approved the use of rpro-UK.

Third-Generation Agents. Reteplase is a structurally
modified form of alteplase, with a longer half-life
(15–18 min). In addition, it does not bind as highly to
fibrin; unbound reteplase can then penetrate the clot
and potentially improve in vivo fibrinolytic activity.
Qureshi et al. [26] have reported the use of low-dose
i.a. reteplase (up to 4 units) in conjunction with me-
chanical thrombolysis [26]. TIMI 2 and 3 recanaliza-
tion was achieved in 16 out of 19 patients, with no
symptomatic ICH. Tenecteplase is another modified

Fig. 12.6 a–j

An 81-year-old female presenting with sudden onset of right hemiparesis, left gaze deviation and aphasia. CTA demon-
strated a proximal left MCA cut-off (a, b). CT perfusion showed reduction in CBF (c) with prolongation of MTT (d) and
relative preservation of CBV (e) in the left MCA territory consistent with a salvable ischemic penumbra (CBF/CBV
“mismatch”). Angiogram confirmed proximal MCA occlusion (f). Complete recanalization was achieved by using the
Concentric Retriever device (g, h). Follow-up MRI demonstrated a small deep left MCA infarct sparing the cortex (i, j)

i j
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form of rt-PA with a longer half-life (17 min), greater
fibrin specificity, and greater resistance to plasmino-
gen activator inhibitor-1 (PAI-1).

Desmoteplase is a genetically engineered version
of the clot-dissolving factor found in the saliva of the
vampire bat Desmodus rotundus. This drug is more
potent and more selective for fibrin-bound plas-
minogen than any other known plasminogen activa-
tor. The i.v. administration of desmoteplase 3–9 h
after symptoms onset in stroke patients who demon-
strate a PWI–DWI mismatch on MRI is currently be-
ing investigated.

No direct comparison between the different
thrombolytic agents has been made so far. In a retro-
spective review of the results for acute stroke IAT per-
formed at our center, we found significantly higher
rates of recanalization and good clinical outcome in
the era in which i.a. UK was used versus the era in
which UK was not available and IAT with rt-PA was
the primary treatment [36]. Conversely, in another
retrospective study, Eckert et al. [37] found no major
difference between the recanalization rates of UK
and rt-PA.

12.2.2.5 Adjunctive Therapy

Systemic anticoagulation with i.v. heparin during the
peri-procedural phase of IAT has several potential
advantages, including augmentation of the throm-
bolytic effect of some agents such as rpro-UK, pre-
vention of acute re-occlusion, and a reduction of the
risk of catheter-related embolism. However, these
indications are counterbalanced by the potentially
increased risk of brain hemorrhage when heparin is
combined with a thrombolytic agent. We tend to uti-
lize a regimen similar to the low-dose heparin regi-
men used in PROACT II (2000 units bolus and
500 units/h for 4 h), aiming for an activated clotting
time (ACT) between 200 and 250 s. We avoid using
heparin in cases of “bridging” therapy with i.v. rt-PA.

Argatroban and lepirudin are direct thrombin in-
hibitors. These agents should replace heparin in cas-
es where the diagnosis of heparin-induced thrombo-
cytopenia (HIT) type-II is confirmed or even sus-
pected. HIT type II is an immune-mediated disorder
characterized by the formation of antibodies against

the heparin-platelet factor 4 complex, which results
in thrombocytopenia, platelet aggregation, and the
potential for arterial and venous thrombosis. The
possibility of HIT type II should be raised in patients
who demonstrate a platelet count drop to less than
100,000 per milliliter or by more than 50% from
baseline, in the setting of heparin therapy (usually
5–12 days after initial exposure).

The use of glycoprotein (GP) IIb/ IIIa antagonists,
such as abciximab (ReoPro®) or eptifibatide (Inte-
grilin®), in ischemic stroke is still investigational. No
cases of major ICH were seen in a pilot, randomized,
double-blind, placebo-controlled study where 54 pa-
tients presenting within 24 h after ischemic stroke
onset were randomly allocated to receive escalating
doses of abciximab [38]. Similarly, the Abciximab in
Emergent Stroke Treatment Trial (AbESTT) demon-
strated that intravenous abciximab can be adminis-
tered with a reasonable degree of safety to patients
with acute ischemic stroke within 6 h of symptoms
onset. This trial also provided evidence that abcix-
imab may increase the likelihood of a favorable out-
come at 3 months. A phase III, multicenter, random-
ized, double-blind, placebo-controlled trial is cur-
rently being performed [39]. In addition, The NIH is
currently sponsoring a phase II trial looking at intra-
venous reteplase in combination with abciximab for
the treatment of ischemic stroke 3–24 h from onset.
Preliminary analysis of the first 21 patients enrolled
has revealed no symptomatic ICH or major hemor-
rhage [40]. The data for the use of GP IIb/IIIa in-
hibitors in conjunction with i.a. thrombolysis are
even more scant and limited to case reports. Intra-
venous abciximab has been successfully used as ad-
junctive therapy to i.a. t-PA or UK in cases of acute
stroke [41, 42]. In our institution, we have treated 24
acute stroke patients with i.a. t-PA (mean dosage:
12 mg) in combination with i.v. eptifibatide and
found only one case of symptomatic hemorrhage
(4.2%),which was related to a rupture during balloon
angioplasty. Intra-arterial abciximab has been suc-
cessfully employed to treated thromboembolic
complications encountered during endovascular
therapeutic procedures [43, 44]. At MGH, we have
used i.a. infusion of eptifibatide at a concentration of
0.75 mg/ml in doses up to 6 mg to treat endovascular
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complications with good results and no hemorrhagic
complications, including a patient who also received
250,000 units of i.a. UK (Fig. 12.7). Depending on the
nature of the thrombotic event we may maintain the
patient on continuous i.v. infusion of eptifibatide for
24 h. Despite, the promising initial experience with
Gp IIb/ IIIa antagonist, we recommend that these
drugs should be used judiciously and under close
monitoring.

12.3 Intra-arterial Thrombolysis Trials

12.3.1 Background

Similar to the experience with i.v. thrombolysis, the
majority of early work on IAT has been reported in
nonrandomized case series.Reports of successful IAT
go back to the late 1950s, when Sussmann and Fitch
[45] described the recanalization of an acutely
occluded internal carotid artery with i.a. injection of
plasmin. Nonetheless, it was not until the early 1990s
that this approach was studied in a more systematic
manner.

Lisboa et al. [35] analyzed the safety and efficacy of
IAT on the basis of current published data. They
found a total of 27 studies (including at least 10
patients in each) with a total of 852 patients who re-

ceived IAT and 100 control subjects. There were more
favorable outcomes in the IAT than in the control
group (41.5% versus 23%), with a lower mortality
rate for IAT (27.2% versus 40%). The IAT group had
an odds ratio of 2.4 for a favorable outcome despite a
higher frequency of symptomatic ICH (9.5% versus
3%). In addition, they found a trend towards better
outcomes with combined i.v. t-PA and IAT than with
IAT alone. They also remarked that IAT-treated
supratentorial strokes are more likely to have favor-
able outcomes than the infratentorial ones (42.2%
versus 25.6%).

12.3.2 Anterior Circulation Thrombolysis

The safety and efficacy of IAT in the anterior circula-
tion has been evaluated in two randomized, multi-
center, placebo-controlled trials. In the Prolyse in
Acute Cerebral Thromboembolism (PROACT) I and
II trials, patients with proximal MCA (M1 or M2 seg-
ment) occlusions within 6 h of symptom onset were
treated with recombinant pro-urokinase (rpro-UK)
or placebo [46, 47].

In the PROACT I trial, 26 patients with a median
NIHSS of 17 were treated with rpro-UK and 14 pa-
tients with a median NIHSS of 19 with placebo, at a
median of 5.5 h from symptom onset [46]. Patients in

Fig. 12.7 a–c

A 75-year-old man found to have an embolus to a Rolandic branch of the left MCA during catheterization procedure (a).
Complete recanalization (c) was obtained after superselective infusion of 250,000 units of urokinase and 3 mg of eptifi-
batide (b)

a b c
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the treatment group received 6 mg of i.a. rpro-UK
over 2 h, and all patients received high- or low-dose
i.v.heparin given as a bolus followed by a 4-h infusion
at the time of the angiogram. Mechanical disruption
of the clot was not allowed. Both the recanalization
rates (TIMI 2 or 3 flow: 57.7% versus 14.3%) and the
incidence of symptomatic ICH (15.4% versus 7.1%)
were higher in the rpro-UK than in the placebo
group. Of note, all patients in the rpro-UK group with
early CT changes involving >33% of the MCA terri-
tory suffered ICH. In the rpro-UK group, the rates of
recanalization were dependent upon the adminis-
tered dose of heparin. At the end of the 2-h rpro-UK
infusion, 81.8% of the patients treated with high-
dose heparin (100 IU/kg bolus followed by 1000 IU/h
infusion for 4 h) demonstrated recanalization where-
as only 40% were recanalized in the low-dose heparin
subgroup (2000 IU bolus, followed by a 500 IU/h in-
fusion for 4 h). However, the rate of symptomatic ICH
at 24 h was also higher in the high-dose heparin
group (27.3% versus 6.7%). The overall 90-day cu-
mulative mortality was 26.9% in the rpro-UK group
and 42.9% in the placebo group.While the number of
patients in this study was too low to allow any definite
conclusions regarding efficacy, its results led to the
PROACT II trial.

The PROACT II trial was designed to assess the
clinical efficacy and safety of i.a. rpro-UK. In this
study, 180 patients were enrolled in a 2:1 randomiza-
tion scheme to receive either 9 mg i.a. r-proUK plus
4 h of low-dose i.v. heparin or low-dose i.v. heparin
alone [47]. The primary clinical outcome, the propor-
tion of patients with slight or no disability at 90 days
(modified Rankin Score of ≤2), was achieved in 40%
of the 121 patients in the rpro-UK treatment group as
compared to 25% of the 59 patients in the control
group (absolute benefit 15%, relative benefit 58%,
number need = 7; P=0.04). The recanalization rate
(TIMI 2 and 3) was 66% for the r-proUK group and
18% for the control group (P<0.001). Symptomatic
ICH within 24 h occurred in 10% of r-proUK patients
and 2% of control patients (P=0.06).All symptomatic
ICH occurred in patients with a baseline NIHSS score
of 11 or higher (NIHSS 11–20, 11%; NIHSS >20,
13%). Mortality after symptomatic ICH was 83%
(10/12 patients). Blood glucose was significantly as-

sociated with symptomatic ICH in rpro-UK-treated
patients (patients with baseline glucose >200 mg/dl
experienced a 36% risk of symptomatic ICH com-
pared with 9% for those with ≤200 mg/dl) [48].

Mortality was 25% for the rpro-UK group and
27% for the control group despite the higher inci-
dence of ICH in the rpro-UK patients. Secondary
clinical outcomes included the percentage of patients
reaching an NIHSS score of <1, the percentage of pa-
tients achieving a 50% or greater reduction from
baseline NIHSS, and the percentage of patients
achieving a Barthel index score of 60 or greater and a
Barthel index score of 90 or greater, all measured at
90 days. Despite a trend in favor of the rpro-UK
group, none of these secondary functional or neuro-
logical outcome measures achieved statistical signif-
icance.Although encouraging, the results of PROACT
II were not enough to grant the FDA approval of
rpro-UK and another larger trial was requested.

Acute strokes due to carotid T occlusion carry a
much worse prognosis than MCA occlusions. In a re-
cent analysis of 24 consecutive patients (median
NIHSS 19) presenting with T occlusions of the ICA,
which was treated by IAT using urokinase at an aver-
age of 237 min from symptom onset, only 4 patients
(16.6%) had a favorable outcome after 3 months.
Partial recanalization of the intracranial ICA was
achieved in 15 (63%), of the MCA in 4 (17%), and of
the ACA in 8 patients (33%). Complete recanalization
did not occur. The presence of good leptomeningeal
collaterals and being younger than 60 years were the
only predictors of a favorable clinical outcome [49].
New treatment strategies such as the combination of
i.v. t-PA and IAT [50] or the use of new mechanical
devices [34] may further improve the outcome in
these patients.

12.3.3 Posterior Circulation Thrombolysis

No randomized, placebo-controlled studies of IAT
for vertebrobasilar occlusion have yet been done and
most of the rationale for its use is based on the favor-
able reports of uncontrolled case series (Table 12.1).
Since the first series of IAT for basilar artery occlu-
sion by Zeumer et al. in 1983 [51] approximately 278
cases have been reported, with an overall recanaliza-
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tion rate of 60%, and a mortality rate of 90% in non-
recanalized patients and 31% in at least partially re-
canalized patients [52]. In general, distal occlusions,
which are usually embolic, have higher recanaliza-
tion rates than proximal occlusions, which are more
commonly atherothrombotic. Most stroke experts
agree that the time window for IAT in the posterior
circulation should be longer than the one for strokes
in the carotid circulation. The underlying principles
for such an approach include not only the extremely
poor prognosis of untreated lesions, with a mortality
rate as high as 90%, but also a lower rate of hemor-
rhagic transformation in this vascular territory. In
our institution, we typically treat basilar occlusion up
to 12 h after symptoms onset. We consider an exten-
sion of this window to up to 24 or 48 h for patients
with fluctuating symptoms or small infarcts on diffu-
sion MRI.

12.3.4 Combined Intravenous 
and Intra-arterial Thrombolysis

Four studies have evaluated the feasibility, safety, and
efficacy of combined i.v. rt-PA at a dose of 0.6 mg/kg
and IAT in patients presenting with acute strokes

within 3 h of symptom onset [13, 53–55]. This ap-
proach has the potential of combining the advantages
of i.v. rt-PA (fast and easy to use) with the advantages
of IAT (titrated dosing, mechanical aids to recanal-
ization, and higher rates of recanalization), thus im-
proving the speed and frequency of recanalization.

The Emergency Management of Stroke (EMS)
Bridging Trial was a double-blind, randomized,
placebo-controlled multicenter Phase I study of i.v.
rt-PA or i.v. placebo followed by immediate IAT of rt-
PA [53]. Seventeen patients were randomly assigned
into the i.v./i.a. group and 18 into the placebo/i.a.
group. Clot was found in 22 of 34 patients. TIMI 3
flow recanalization occurred in 6 of 11 i.v./i.a. pa-
tients versus 1 of 10 placebo/i.a. patients (P=0.03)
and correlated to the total dose of rt-PA (P=0.05).
However, no difference in the 7- to 10-day or the 
3-month outcomes was found, and there were more
deaths in the i.v./i.a. group. Eight ICHs occurred: all
hemorrhagic infarctions. Symptomatic ICH occurred
in one placebo/i.a. patient and two i.v./i.a. patients.
Life-threatening bleeding complications occurred in
two patients, both in the i.v./i.a. group.

The Interventional Management of Stroke (IMS)
Study was a multicenter, open-labeled, single-arm pi-

Table 12.1. Outcomes in patient series treated with intra-arterial thrombolysis in the vertebrobasilar circulation. (C Complete,
N/A not available, NR no recanalization, P partial, Pro-UK pro-urokinase, R recanalized, SK streptokinase, t-PA tissue plasminogen
activator, UK urokinase)

Study Number Agent Recanali- ICH (%) Time Good 
of patients zation (%) window (h) outcomes (%)

Hacke et al. [64] 43 UK/SK 44 9 6–76 23

Masumoto and Satoh [65] 10 UK 40 N/A N/A 40

Zeumer et al. [25] 28 t-PA/UK 75 7 £6 25

Becker et al. [66] 12 UK 83 17 1–48 25

Brandt et al. [67] 51 t-PA/UK 51 14 £48 20

Wijdicks et al. [68] 9 UK 78 11 2–13 56

Gonner et al. [69] 10 UK 50 10 £6 50

Cross et al. [70] 20 UK 50 15 N/A 20

Ezaki et al. [71] 26 t-PA/UK/pro-UK 92.3 7.7 £24 34.6

Arnold et al. [72] 40 UK 80 5 £11 35

Modified from Phan and Wijdicks [73]



Chapter  12254 R.G. Nogueira · J.C. Pryor · J.D. Rabinov et al.

lot study where 80 patients (median NIHSS 18) were
enrolled to receive i.v. rt-PA (0.6 mg/kg, 60 mg maxi-
mum, 15% of the dose as a bolus with the remainder
administered over 30 min) within 3 h of stroke onset
(median time to initiation: 140 min) [13]. Additional
rt-PA was subsequently administered via a micro-
catheter at the site of the thrombus up to a total dose
of 22 mg over 2 h of infusion or until thrombolysis in
62 of the 80 patients. Primary comparisons were 
with similar subsets of placebo- and rt-PA-treated
subjects from the NINDS rt-PA Stroke Trial. The 
3-month mortality in Interventional Management
Study (IMS) subjects (16%) was numerically lower
but not statistically different than the mortality of
placebo (24%) and rt-PA-treated subjects (21%) in
the NINDS rt-PA Stroke Trial. The rate of sympto-
matic ICH (6.3%) in IMS subjects was similar to that
of rt-PA-treated subjects (6.6%) but higher than the
rate in placebo-treated subjects (1.0%, P=0.018) in
the NINDS rt-PA Stroke Trial. IMS subjects had a sig-
nificantly better outcome at 3 months than NINDS
placebo-treated subjects for all outcome measures
(odds ratios ≥2). For the 62 subjects who received i.a.
rt-PA in addition to i.v. t-PA, the rate of complete re-
canalization (TIMI 3 flow) was 11% (7/62) and the
rate of partial or complete recanalization (TIMI 2 or
3 flow) was 56% (35/62).

Ernst et al. [54] performed a retrospective analysis
of 20 consecutive patients (median NIHSS 21) who
presented within 3 h of stroke symptoms and were
treated using i.v. rt-PA (0.6 mg/kg) followed by i.a. rt-
PA (up to 0.3 mg/kg or 24 mg whichever is less, over a
maximum of 2 h) in 16 of the 20 patients. Despite a
high number of ICA occlusions (8/16), TIMI 2 and 3
recanalization rates were obtained in 50% (8/16) and
19% (3/16) of the patients, respectively. One patient
(5%) developed a fatal ICH. Ten patients (50%) re-
covered to a modified Rankin Scale (mRS) of 0 or 1;
three patients (15%), to an mRS of 2; and five patients
(25%), to an mRS of 4 or 5.

Suarez et al. [55] studied “bridging” therapy in 
45 patients using i.v. t-PA at 0.6 mg/kg within 3 h of
stroke onset. Patients exhibiting evidence of PWI–
DWI mismatches on MRI underwent subsequent IAT.
Eleven patients received IAT with rt-PA (maximal
dose 0.3 mg/kg) and 13 patients received IAT with UK

(maximal dose 750,000 units). Symptomatic ICH oc-
curred in 2 of the 21 patients in the i.v. rt-PA-only
group, but in none of the patients in the i.v. rt-PA/IAT
group. Out of the 24 patients in the i.v. rt-PA/IAT
group, 21 had MCA occlusions, 2 had ACA occlusions
and 1 had PCA occlusion. Complete recanalization
occurred in 5 of the 13 patients treated with i.v.
rt-PA/i.a. UK and 4 of the 11 patients treated with i.v.
rt-PA/i.a. rt-PA. Partial recanalization also occurred
in 5 of the 13 patients treated with i.v. rt-PA/i.a. UK
and 4 of the 11 treated with i.v. rt-PA/i.a. rt-PA.
Favorable outcomes (Barthel index 95) were seen in
92%, 64%, and 66% of the i.v. rt-PA/i.a. UK, i.v.
rt-PA/i.a. rt-PA, and i.v. rt-PA-only groups, respec-
tively.

A “reversed bridging” approach has been pro-
posed by Keris et al. [56]. In this study, 12 patients 
(3 ICA occlusions and 9 MCA occlusions) out of the
45 enrolled patients (all with NIHSS >20) were ran-
domized to receive an initial i.a. infusion of 25 mg 
rt-PA over 5–10 min followed by i.v. infusion of an-
other 25 mg over 60 min, within 6 h of stroke onset
(total combined dose 50 mg with a maximal dose of
0.7 mg/kg). The remaining 33 patients were assigned
to a control group and did not undergo any throm-
bolysis. TIMI 2 and 3 recanalization occurred in 1/12
and 5/12 of the patients, respectively. None had
symptomatic ICH. At 12 months, 83% of the patients
in the thrombolysis group were functionally inde-
pendent whereas only 33% of the control subjects
had a good outcome.

In a prospective, open-label study, Hill et al. [57]
assessed the feasibility of a “bridging” approach
using full-dose i.v. rt-PA [57]. Following i.v. infusion
of 0.9 mg/kg rt-PA, six patients underwent IAT with
rt-PA (maximum 20 mg) and one underwent in-
tracranial angioplasty. TIMI 2 or 3 recanalization was
achieved in three of these patients. None had symp-
tomatic ICH.

At our institution, we have treated 18 patients
(mean NIHSS 17.4) with a full (0.9 mg/kg) i.v. rt-PA
dose followed by IAT with rt-PA (mean dose 6 mg)
[58]. We have achieved TIMI 2 or 3 recanalization in
72% of these patients with a symptomatic ICH rate of
16.7%. In our current “bridging” protocol, i.a. rt-PA
has been replaced by i.a. UK.
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12.4 Grading Systems

Several grading systems have been developed as an
attempt to quantify recanalization rates. The Throm-
bolysis in Myocardial Infarction (TIMI) [59] grading
system, either in its original or modified form
(Table 12.2) [60], has been widely used. Another
modification of the TIMI grading scheme was recent-
ly proposed by an Assessment Committee of the
American Society of Interventional and Therapeutic
Neuroradiology (Table 12.3) [61]. However, the afore-
mentioned, classification systems are limited because
they do not account for occlusion location or collat-
eral circulation. Qureshi [62] has proposed a scheme
based primarily on the occlusion site and degree of
collateralization (Table 12.4). This scheme appears to
have a strong correlation with the initial severity and
in-hospital outcome of acute ischemic stroke [63].

12.5 Conclusion

The efficacy of i.v. thrombolysis is restricted by sev-
eral factors including the relatively short therapeutic
window, increased hemorrhagic rate, and poor re-
canalization rates as the clot burden is increased. IAT
improves the rates of recanalization and good func-
tional outcome in patients presenting with proximal
occlusion of the intracranial arteries. Intravenous
thrombolysis with rt-PA should be considered in pa-
tients presenting within 3 h of stroke onset as a
“bridging” therapy to IAT. Mechanical thrombolysis
has become a powerful adjunct to i.a. infusion of
thrombolytics and should be considered as primary
therapy in patients who have contraindications to
thrombolytics or have late presentation (up to 8 h in
the anterior circulation). The time window for IAT in
the posterior circulation has not been well estab-

Table 12.2. Modified Thrombolysis in Myocardial Infarction (TIMI) grading system [59, 60]

Grade 0 No flow

Grade 1 Some penetration past the site of occlusion, but no flow distal to the occlusion

Grade 2 Distal perfusion, but delayed filling in all vessels

Grade 3 Distal perfusion with adequate perfusion in less than half of the distal vessels

Grade 4 Distal perfusion with adequate perfusion in more than half of the distal vessels

Table 12.3. Thrombolysis in Cerebral Infarction (TICI) perfusion categories [61]

Grade 0 No perfusion. No antegrade flow beyond the point of occlusion

Grade 1 Penetration with minimal perfusion. The contrast material passes beyond the area of obstruction but fails
to opacify the entire cerebral bed distal to the obstruction for the duration of the angiographic run

Grade 2 Partial perfusion. The contrast material passes beyond the obstruction and opacifies the arterial bed distal
to the obstruction. However, the rate of entry of contrast into the vessel distal to the obstruction and/or its
rate of clearance from the distal bed are perceptibly slower than its entry into and/or clearance from com-
parable areas not perfused by the previously occluded vessel, e.g., the opposite cerebral artery or the arte-
rial bed proximal to the obstruction

Grade 2a Only partial filling (<2/3) of the entire vascular territory is visualized

Grade 2b Complete filling of all of the expected vascular territory is visualized, but the filling is slower than normal

Grade 3 Complete perfusion. Antegrade flow into the bed distal to the obstruction occurs as promptly as into the
obstruction and clearance of contrast material from the involved bed is as rapid as from an uninvolved bed
of the same vessel or the opposite cerebral artery
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lished and, at this point, a judicious decision should
be made on a case-by-case basis. The new neu-
roimaging techniques, including CT perfusion and
MRI with DWI/PWI, have become essential in the de-
cision-making process of thrombolysis. These meth-
ods may eventually define a subgroup of patients who
will benefit from late thrombolysis.

Appendix: MGH Protocols for Intra-arterial
Thrombolytics (Chemical and/or Mechanical)
for Acute Stroke

Intra-arterial Inclusion Criteria

▬ A significant neurologic deficit expected to result
in long-term disability, and attributable to large
vessel occlusion (basilar, vertebral, internal
carotid or middle cerebral artery M1 or M2
branches).

▬ Noncontrast CT scan without hemorrhage or well-
established infarct. If MRI obtained, DWI–PWI

mismatch with relatively small DWI abnormality
(for example, less than one-third MCA territory).

▬ Acute ischemic stroke symptoms with onset or last
known well clearly defined. Treatment within 6 h
of established, nonfluctuating deficits due to ante-
rior circulation (carotid/MCA) stroke. Treatment
with mechanical thrombolysis using the Concen-
tric Retriever device is a consideration in patients
between 6 and 8 h of stroke symptom onset. The
window of opportunity for treatment is less well
defined in posterior circulation (vertebral/basilar)
ischemia, and patients may have fluctuating, re-
versible ischemic symptoms over many hours or
even days and still be appropriate candidates for
therapy.

Absolute Exclusion Criteria

▬ Hemorrhage or well-established acute infarct on
CT involving greater than one-third of the affected
vascular territory.

Table 12.4. Grades of increasing severity of arterial occlusion according to a new classification scheme. (ACA Anterior cerebral
artery, BA basilar artery, ICA internal carotid artery, MCA middle cerebral artery, VA vertebral artery)

Grade Type of occlusion

0 No occlusion

1 MCA occlusion ACA occlusion 1 BA and/or VA branch occlusion
(M3 segment) (A2 or distal segments)

2 MCA occlusion ACA occlusion ≥2 BA and/or VA branch occlusions
(M2 segment) (A1 and A2 segments)

3 MCA occlusion (M1 segment)
3A Lenticulostriate arteries spared 

and/or leptomeningeal collaterals visualized
3B No sparing of lenticulostriate arteries,

and no leptomeneningeal collaterals visualized

4 ICA occlusion BA occlusion (partial filling direct 
(collaterals present) or via collaterals)

4A Collaterals fill MCA Anterograde fillinga

4B Collaterals fill ACA Retrograde fillinga

5 ICA occlusion BA occlusion (complete)
(no collaterals)

a Predominant pattern of filling
From Qureshi [62]
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▬ CNS lesion with high likelihood of hemorrhage
status post chemical thrombolytic agents (e.g.,
brain tumors, abscess, vascular malformation,
aneurysm, contusion).

▬ Established bacterial endocarditis.

Relative Contraindications

▬ Mild or rapidly improving deficits.
▬ Significant trauma within 3 months.*

▬ CPR with chest compressions within past 10 days.*

▬ Stroke within 3 months.
▬ History of intracranial hemorrhage; or symptoms

suspicious for subarachnoid hemorrhage.
▬ Major surgery within past 14 days.*

▬ Minor surgery within the past 10 days, including
liver and kidney biopsy, thoracocentesis, lumbar
puncture.*

▬ Arterial puncture at a noncompressible site within
past 14 days (see below for femoral artery punc-
ture).*

▬ Pregnant (up to 10 days postpartum) or nursing
woman.*

▬ Suspected bacterial endocarditis.
▬ Gastrointestinal, urologic, or respiratory hemor-

rhage within past 21 days.*

▬ Known bleeding diathesis (includes renal and he-
patic insufficiency).*

▬ Life expectancy <1 year from other causes.
▬ Peritoneal dialysis or hemodialysis.*

▬ PTT >40 s; platelet count <100,000/ml.*

▬ INR >1.7 (PT>15 if no INR available) with or with-
out chronic oral anticoagulant use.*

▬ Seizure at onset of stroke. (This relative con-
traindication is intended to prevent treatment of
patients with a deficit due to postictal Todd’s
paralysis or with seizure due to some other CNS
lesion that precludes thrombolytic therapy. If rap-
id diagnosis of vascular occlusion can be made,
treatment may be given.)

▬ Glucose <50 or >400 mg/dl. (This relative con-
traindication is intended to prevent treatment of
patients with focal deficits due to hypo- or hyper-
glycemia. If the deficit persists after correction 
of the serum glucose, or if rapid diagnosis of
vascular occlusion can be made, treatment may be
given.)

Pre-Thrombolysis Work-up

▬ Temperature, pulse, BP, respiratory rate.
▬ Physical exam/neurologic exam including NIHSS.
▬ 12-lead EKG.
▬ Complete blood count (CBC) with platelets, basic

metabolic [electrolytes, blood urea nitrogen
(BUN)/creatinine, glucose] and hepatic function
panel, prothrombin time (PT, INR), partial throm-
boplastin time (PTT), erythrocyte sedimentation
rate (ESR), fibrinogen. Blood for type and screen.

▬ Urine or blood pregnancy test in women of child-
bearing potential.

▬ Consider hypercoagulable panel in young patients
without apparent stroke risk factors.

Pre-Thrombolysis Management

▬ Start supplementary oxygen. Treat any fever with
acetaminophen. Nil by mouth (NPO) except med-
ications.

▬ Do not place Foley, nasogastric tube, arterial line
or central venous line unless it is absolutely neces-
sary for patient safety.

▬ Do not lower blood pressure unless it is causing
myocardial ischemia or exceeds 220/120 mmHg.
Use labetolol i.v. (5–20 mg i.v. q 10–20 min) or, if
necessary, sodium nitroprusside i.v. (0.5–10 mg/kg
per min). Monitor with noninvasive cuff pressures
q 15 min or continuous arterial pressure monitor-
ing.

▬ Do not administer heparin unless recommended
by the Acute Stroke Team.

▬ STAT head CT/CTA/CTP and possible MRI with
DWI/PWI.

▬ Consider bypassing CTA if renal failure, diabetes,
congestive heart failure.Hold metformin 48 h after
iodinated contrast.

* Items marked with an asterisk may not be exclusions for me-
chanical thrombolysis with or without limited dose chemical
agents.
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▬ Check patency of 16–18 gauge forearm i.v.
▬ Consider chest radiograph to exclude acute con-

gestive heart failure or aortic dissection if clinical
suspicion.

▬ Check MRI exclusions (e.g., severe claustropho-
bia, implanted pacemaker,metal fragments, shrap-
nel).

▬ Review CT/CTA with Interventionalist and Stroke
Team.

▬ Obtain consent for procedure and general anes-
thesia in writing from patient or family.

▬ If time permits, obtain STAT DWI MR imaging but
do not delay time to treatment.

Peri-Thrombolysis Management

▬ Confirm case with Anesthesia and consider start-
ing heparin 3000-unit bolus and 800 units/h.

▬ Request orogastric or nasogastric tube placement
prior to thrombolytic drug infusion.

▬ Induce moderate hypothermia (33–34 °C) during
the case with cooling blanket.

▬ Consider induced hypertension until patency re-
stored in patients with poor collateral flow.

▬ Consider terminating infusion of thrombolytic by
6 h in anterior circulation stroke. Consider early
angioplasty at common carotid bifurcation or dis-
tal internal carotid bifurcation in selected cases.

▬ To prevent or treat acute re-occlusion or after an-
gioplasty or stenting, consider i.v. eptifibatide.

▬ Call for CT scan to be done post thrombolysis en
route to Neuro ICU. Repeat CT 6 h later, consider
CTA if renal and cardiovascular function permits.

▬ Begin passive rewarming in Neuro ICU. Do not ap-
ply extra blankets or heating devices.

▬ If considering antiplatelet or anticoagulant agents,
check fibrinogen >100 mg/dl and PTT <80 s.

Pre- and Post-Treatment Management

ICU admission for monitoring during first 24 h:
▬ Vital signs q 15 min for 2 h, then q 30 min for 6 h,

then q 1 h for 16 h.
▬ Strict control of BP for 24 h per protocol.
▬ Neuro checks q 1 h for 24 h.
▬ Pulse oximeter; oxygen cannula or mask to main-

tain O2 saturation >95%.

▬ Acetaminophen 650 mg p.o./p.r. q 4 h p.r.n. T
>37 °C (99.4 °F); cooling blanket p.r.n. T >39 °C
(102 °F), set to avoid shivering.

▬ No antiplatelet agents or anticoagulants in first
24 h.

▬ No Foley catheter, nasogastric tube, arterial
catheter or central venous catheter for 24 h, unless
absolutely necessary.

▬ STAT head CT for any worsening of neurologic
condition.

Protocol for Blood Pressure Control 
After Thrombolysis

Patients will be admitted to the ICU for hemodynam-
ic monitoring for a minimum of 24 h. A noninvasive
blood pressure (BP) cuff is recommended unless
sodium nitroprusside is required. BP will be strictly
controlled according to the guidelines used in the
NINDS trial as listed below. Clinical deterioration as-
sociated with acute reduction in BP should be evalu-
ated immediately.

Monitor arterial BP during the first 24 h after
starting treatment:
▬ Every 15 min for 2 h after starting the infusion,

then
▬ Every 30 min for 6 h, then
▬ Every 60 min for 24 h after starting treatment.

If systolic BP is 180–230 mmHg or if diastolic BP is
105–120 mmHg for two or more readings 5–10 min
apart:
▬ Give intravenous labetolol 10 mg over 1–2 min.

The dose may be repeated or doubled every
10–20 min up to a total dose of 150 mg.

▬ Monitor BP every 15 min during labetolol treat-
ment and observe for development of hypoten-
sion.

If systolic BP is >230 mmHg or if diastolic BP is in the
range of 121–140 mmHg for two or more readings
5–10 min apart:
▬ Give i.v. labetolol 10 mg over 1–2 min. The dose

may be repeated or doubled every 10 min up to a
total dose of 150 mg.
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▬ Monitor BP every 15 min during the labetolol
treatment and observe for development of hy-
potension.

▬ If no satisfactory response, infuse sodium nitro-
prusside (0.5–10 mg/kg per min).

If diastolic BP is >140 mmHg for two or more read-
ings 5–10 min apart:
▬ Infuse sodium nitroprusside (0.5–10 mg/kg per

minute).
▬ Monitor BP every 15 min during infusion of sodi-

um nitroprusside and observe for development of
hypotension.

▬ Continuous arterial monitoring is advised if sodi-
um nitroprusside is used. The risk of bleeding sec-
ondary to an arterial puncture should be weighed
against the possibility of missing dramatic
changes in pressure during infusion.

Management of Symptomatic Hemorrhage
After Thrombolysis

▬ STAT head CT, if ICH suspected.
▬ Consult Neurosurgery for ICH.
▬ Check CBC, PT, PTT, platelets, fibrinogen and 

D-dimer. Repeat q 2 h until bleeding is controlled.
▬ Give fresh frozen plasma 2 units every 6 h for 24 h

after dose.
▬ Give cryoprecipitate 20 units. If fibrinogen level

<200 mg/dl at 1 h, repeat cryoprecipitate dose.
▬ Give platelets 4 units.
▬ Give protamine sulfate 1 mg/100 units heparin re-

ceived in last 3 h (give initial 10 mg test dose i.v.
slowly over 10 min and observe for anaphylaxis; if
stable give entire calculated dose slow i.v.; maxi-
mum dose 100 mg).

▬ Institute frequent neurochecks and therapy of
acutely elevated intracranial pressure (ICP), as
needed.

▬ May give aminocaproic acid (Amicar®) 5 g in
250 ml normal saline i.v. over 1 h as a last resort.
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This book reviews the merits and describes the tech-
nical details for using CT and MRI to rapidly evaluate
the patient who presents with symptoms of acute
stroke. Both modalities are widely available and pro-
vide information on the state of the brain parenchy-
ma, the vessels, and brain tissue perfusion. Since
many have the capability to perform either or both,
the question arises as what to use. The question is
practical, but the answer is complex and depends on
many factors including the state of the patient, the
time since stroke onset, the logistical constraints of
using one or the other modality, and the capability of
a facility to perform advanced therapy such as intra-
arterial thrombolysis.

In clarifying this issue, it is important to consider
the fundamental questions that require rapid an-
swers in the clinical setting we are considering. There
are four key questions including: (1) is there a hem-
orrhage?, (2) is a large vessel occluded?, (3) what part
of the brain is irreversibly injured?, and (4) is there a
part of the brain that is viable but underperfused and
in danger of infarcting? Both CT and MR provide in-
formation to answer each of these questions. Howev-
er, they are not equal, and it is illuminating to consid-
er the relative strengths of each modality. Let us con-
sider each question in turn, and, assuming state-of-
the-art CT and MRI instruments, estimate which
modality is superior.
1. Is there a hemorrhage? CT is superior. Both can

detect clinically significant parenchymal hemor-
rhages; however, CT remains superior in detecting
acute subarachnoid hemorrhage, which is an im-
portant consideration in the acute stroke patient.
MRI is less sensitive because the high oxygen lev-
els in cerebrospinal fluid results in erythrocytes
maintaining near-normal levels oxyhemoglobin.

2. Is a large vessel occluded? CTA is superior. The
question of whether the internal carotid artery
(ICA), middle cerebral artery (MCA) M1 or M2
branch or the basilar artery is occluded is ex-
tremely important especially if the capability ex-
ists for intra-arterial intervention. Under optimal
conditions, MR angiography (MRA) is equivalent
to CT angiography (CTA), but conditions are sel-
dom optimal when dealing with the acute stroke
patient. The longer time required for MRA is an
important consideration, but of greater impor-
tance is the vulnerability of MRA to motion arti-
fact that commonly results in an MRA of poor
quality. CTA more reliably produces high-quality
angiographic information of both the head and
neck vessels in less than 2 min.

3. What part of the brain is irreversibly injured? Dif-
fusion MRI is superior.CTA source images provide
an estimate of irreversible injury, but are less sen-
sitive than diffusion-weighted images.

4. Is there a part of the brain that is viable but un-
derperfused and in danger of infarcting? Perfu-
sion MRI is superior. Both methods provide infor-
mation of similar quality. However, MRI systems
can evaluate a larger proportion of the brain.
These last two questions together are estimating
the infarct core and the operational penumbra, a
clinically highly relevant determination well illus-
trated by the success of the Desmoteplase in Acute
Ischemic Stroke (DIAS) Trial discussed elsewhere
in this book.

The answers to each question are based on review of
the literature detailed in the six chapters on CT and
MRI found in this book, and the practical, everyday
clinical experience of dealing with stroke patients
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that come to Massachusetts General Hospital (MGH).
So what do we use at the MGH? The answer is both
whenever possible. The imaging triage of patients is
shown in Fig. 13.1.

We will perform both in the majority of cases be-
cause we are fortunate to have in our emergency de-
partment state-of-the-art CT and MRI systems that
are located close to each other. The studies are also
rapid with CT/CTA/CTP requiring 10 min or less and
the MRI restricted to diffusion, perfusion and per-
haps one additional sequence taking no more than
10 min of imaging time. Many institutions will have
CT and MRI scanners in different locations, raising
logistical issues. The optimal solution will obviously
vary from institution to institution, and from patient
to patient. It is our hope that this book will help each
institution to develop the optimal solutions to maxi-
mize the number of good clinical outcomes in the
acute stroke patient.Fig. 13.1

MGH stroke imaging protocol
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