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Imaging the Future of Stroke: I. Ischemia
David S. Liebeskind, MD

Envisioning the future of stroke appears daunting considering the milestones already achieved in stroke imaging. A historical
perspective on the developments in stroke care provides a striking narrative of how imaging has transformed diagnosis, therapy,
and prognosis of cerebrovascular disorders. Multimodal imaging techniques such as CT and MRI, incorporating parenchymal
depictions, illustration of the vasculature, and perfusion data, can provide a wealth of information regarding ischemic pathophysiology. Key elements of ischemic pathophysiology depicted with imaging include vascular occlusion, compensatory collateral
flow, resultant hemodynamic conditions that reflect these sources of blood flow, and the neurovascular injury that ensues. The
mantra of “time is brain” has been perpetuated, but this does not provide an entirely accurate reflection of ischemic pathophysiology and imaging insight shows far more than time alone. Maximizing the potential of perfusion imaging will continue to
expand the nascent concept that cerebral ischemia may be completely reversible in certain scenarios. Novel modalities provide a
fertile ground for discovery of therapeutic targets and the potential to assess effects of promising strategies. Beyond clinical trials,
imaging has become a requisite component of the neurological examination enabling tailored stroke therapy with the use of
detailed neuroimaging modalities. In this first article on ischemia, the focus is on the most recent imaging advances and
exploring aspects of cerebral ischemia where imaging may yield additional therapeutic strategies. A subsequent article will review
recent and anticipated imaging advances in hemorrhage. These thematic overviews underscore that imaging will undoubtedly
continue to dramatically shape the future of stroke.
Ann Neurol 2009;66:574 –590

Envisioning the future of stroke appears daunting
when one considers the milestones already achieved in
stroke imaging. A historical perspective on the developments in stroke care provides a striking narrative of
how imaging has transformed diagnosis, therapy, and
prognosis of cerebrovascular disorders. When the journal Stroke was introduced almost 40 years ago, computed tomography (CT) and magnetic resonance imaging (MRI) did not exist. Diagnostic imaging
revolved around angiography, accompanied by echoencephalography, thermography, radioisotope techniques,
and skull films. Clinical semiology was used to guide
treatments largely supportive in nature, without targeting specific pathophysiology. CT and MRI, following
shortly thereafter, revolutionized the field by providing
snapshots of ischemia and hemorrhage in the brain
(Fig 1). Such images inspired exhaustive efforts to establish neuroprotection to save brain, yet the next
breakthrough was once again heralded by imaging and
the introduction of diffusion-weighted imaging (DWI)
two decades later.1,2 As DWI and magnetic resonance
angiography (MRA) made it possible to chronicle
evolving infarction caused by arterial occlusion, thrombolysis provided the first effective treatment to cease
this devastating process. During the past two decades,
perfusion imaging and many other techniques have

flourished. Stroke imaging now accounts for thousands
of publications per year, and imaging has become a
central facet in the management of stroke patients. In
this first article on ischemia, the focus is on the most
recent imaging advances and exploring aspects of cerebral ischemia where imaging may yield additional therapeutic strategies. A subsequent article will review recent and anticipated imaging advances in hemorrhage.
These thematic overviews underscore that imaging will
undoubtedly continue to dramatically shape the future
of stroke.
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Imaging the Pathophysiology of Ischemia
Multimodal imaging techniques such as CT and MRI,
incorporating parenchymal depictions, illustration of
the vasculature, and perfusion data, can provide a
wealth of information regarding ischemic pathophysiology. Imaging goals in stroke typically address
whether a stroke is the likely diagnosis, if the primary
process is ischemic or hemorrhagic, where the lesion is
situated, what is the likely mechanism, what treatments
may be indicated, and what can be expected from
prognosis. Although extensive information is available
from experimental stroke models in the laboratory,
knowledge of cerebral ischemic pathophysiology in humans is now readily available from what has become

Fig 1. Noncontrast computed tomographic scan of the brain
from 1974 (A) and magnetic resonance image of the brain
from 5 years later (B) provided novel depictions of the human
brain, albeit at limited resolution.

routine imaging of stroke patients. CT and MRI may
provide slightly different information depending on
specific technical parameters, yet understanding the
underlying pathophysiology is paramount in optimizing care. Accurate interpretation of stroke imaging results is also critically dependent on sound knowledge of
ischemic pathophysiology, because erroneous conclusions may result from incorrect assumptions about the
biology. In recent years, the surge of stroke imaging
has provided novel insight and led to further discovery.
Key elements of ischemic pathophysiology that can be
depicted with imaging include vascular occlusion, compensatory collateral flow, resultant hemodynamic conditions that reflect these sources of blood flow, and the
neurovascular injury that ensues.3
Occlusion
Obstruction of the cerebral circulation is typically the
initial event and most obvious feature of cerebral ischemia. It is important to note that such vascular obstruction can be caused by partial or subtotal luminal
compromise (stenosis), or alternatively, complete
blockage of the vessel lumen that limits all antegrade or
forward blood flow (occlusion). Even in cases with
complete occlusion of an artery, it has been noted that
tram-tracking may be present with small, persistent
channels of flow lining the peripheral aspects of the
clot along the vessel wall.4 These diminutive flow
routes visible with transcranial Doppler ultrasound
(TCD) or angiographic techniques may play an important role in allowing thrombolytic access to the clot
surface. Although ischemia is typically associated with
arterial occlusion, venous obstruction can also result in
ischemia. For all occlusive lesions, the anatomy or
structural aspects of the obstruction are likely less important than the actual flow implications.

Collateral Circulation
Vessel occlusion may be inconsequential because of the
incredible redundancy of the circulatory system and existence of rich collateral networks.5 Collateral circulation in the arteries and veins of the brain provides numerous alternative routes for blood flow in the setting
of obstruction. Because of the complex configuration
and often diminutive caliber of collateral vessels, illustration of collaterals has often relied on conventional
angiography. Progressive refinements in noninvasive
imaging approaches over the last decade have made it
possible to depict such features with CT angiography
(CTA) and MRA.6 Noninvasive imaging of collateral
flow patterns at the circle of Willis have been validated
with respect to conventional angiography using several
techniques including CTA, phase contrast and time-offlight MRA, and TCD.6,7 Timing of such studies,
however, is critical as such flow patterns may rapidly
change. In contrast with traditional descriptions of
Willisian anatomy that include explicit definitions for
fetal or persistent posterior cerebral artery (PCA) supply from the posterior communicating artery, serial angiographic studies demonstrate that flow in such segments can rapidly alter such appearances.8 For
instance, the posterior communicating artery is typically dilated in the setting of acute middle cerebral artery (MCA) occlusion and often diminishes in caliber
once the occlusion recanalizes.
Collaterals are recruited at the onset of ischemia because of intraluminal pressure gradients. The small size
of collateral anastomoses that has evaded many imaging
approaches may be viewed as illogical for this critical
adaptive response to ischemia, but in recent years, we
have learned that such features serve as the perfect
sensing mechanism to upregulate arteriogenesis.9 In
fact, increased flow across these small flow routes
causes marked elevation in fluid shear stress, a key variable in vascular homeostasis. Increased fluid shear stress
and mechanical stimulation of the vessel wall causes cytokine release and vascular remodeling to dilate the
vessel. These processes may be evident as early as the
first few hours after acute stroke onset and continue
into subacute or chronic stages of ischemia. The cerebral venous system also adapts by retaining blood volume to maximize oxygen and nutrient exchange.
Recent correlative imaging studies of collateral circulation in acute and chronic ischemia have demonstrated that the occlusive lesion may be incompletely
characterized without consideration of collaterals. For
instance, internal carotid artery (ICA) occlusion may
have dramatically different effects on downstream perfusion depending on collaterals. The traditional designation of a stenosis or occlusion as either asymptomatic
or symptomatic must also account for collaterals. Until
recently, strokes contralateral to an ICA occlusion have
been overlooked, yet mechanistic studies suggest that
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Fig 2. Hypothetical model of progressive changes in ischemic pathophysiology (arrow from top to bottom), including venous factors
that affect cerebral blood volume (CBV) and cerebral perfusion pressure (CPP). Peripheral zones are spared from infarction because
of benign hyperemia, characterized by increased CBV.

hypoperfusion and emboli are closely intertwined.10
Collateral flow visible at angiography is a potent determinant of tissue fate, even beyond measures of downstream perfusion evident on noninvasive techniques.11
Hemodynamics
The balance of occlusion and collaterals determines the
hemodynamic milieu or blood flow changes that challenge the brain. Depending on the time course, such
changes may have radically discrepant effects. Longstanding hemodynamic compromise may elicit collateral development and preconditioning to adapt to recurrent ischemia. Alternatively, abrupt cessation of
flow may initiate a complex series of hemodynamic sequelae that precipitate extensive tissue damage.
Despite extensive investigation on stroke hemodynamics several decades ago, the advent of CT and MRI
led to increasing attention centered on neurological targets. Decreased reliance on diagnostic angiography and
the protracted crusade to realize neuroprotection detracted from hemodynamic investigations until perfusion imaging was introduced. In recent years, perfusion
imaging has been able to validate in humans what was
known of blood flow in ischemic animal models. Low
perfusion hyperemia, the rapid expansion of the venous
circulation in response to reduced arterial inflow, has
been illustrated in acute stroke cases.12 Venous collapse
in the ischemic core and peripheral displacement of
blood volume caused by venous diversion have also
been studied.13 The decline in local cerebral blood volume (CBV) and venous collapse results in increased
downstream resistance that further aggravates the marginal inflow pressure of arterial collaterals. Progressive
ischemia after initial increases in CBV may be explained by this moving wavefront of hemodynamic instability originating in the core and moving toward the
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boundary of what has been termed benign oligemia (Fig
2). Notably, by strict definition, oligemia refers to volume, not flow, and such areas peripheral to the penumbra typically have increased or normal CBV. Perfusion imaging may show such dynamic features, yet it
has been most often used in various incarnations of
mismatch, where differences between the surrounding
perfusion abnormality and the underlying ischemic
core may be used as a surrogate for salvageable penumbra. This dynamic perspective where hemodynamics in
the territory are constantly evolving within the early
hours of ischemic onset is radically different from prior
conceptions where specific ischemic thresholds measured by perfusion parameters dictate inevitable tissue
damage from the onset.
Neurovascular Injury
Tissue injury has been of prime interest as it relates to
neurological outcome, yet imaging has provided some
important lessons. Identification of irreversible ischemic injury in the brain has repeatedly been proposed
as a potential surrogate measure of clinical outcome.
The timing of such lesion measurements is extremely
important as many stages ensue from the initial appearance of early ischemic changes to subacute edema and
subsequent resolution as an area of encephalomalacia.
After more than 35 years of discerning early ischemic
changes on CT as a manifestation of evolving infarction, recent correlation with CT perfusion has demonstrated that some increased water content may be
caused by increased CBV, not intracellular swelling.14
These findings may be markers of ischemia but do not
carry the same prognostic implications. DWI provides
rapid delineation of cytotoxic edema, yet lesion patterns are probably most informative about underlying
mechanisms (Fig 3). Punctate lesions within an arterial

neurovascular injury varies widely from individual to
individual.

Fig 3. Diffusion-weighted imaging lesion patterns in acute
ischemic stroke, including isolated lenticulostriate infarction
(left), bilateral middle cerebral artery lesions caused by cardioembolism (middle), and borderzone ischemia caused by right
internal carotid artery hypoperfusion (right).

territory may point to a particular source of emboli, yet
attempts to separate hypoperfusion and emboli have
proved difficult.15 Reflexive interpretation of DWI
findings has often prompted a narrow-minded search
focused solely on arterial emboli and resultant occlusions. Complex patterns of blood flow, however, may
also result in such lesions. Simply stated, small, discrete
lesions do not necessarily reflect distal emboli alone because hypoperfusion may cause borderzone ischemia.
The focus on DWI has reinforced traditional descriptions of the ischemic cascade that commence with
ion pump failure in membranes of the neuron that facilitate cytotoxic edema, but earlier sequelae may affect
vascular structures such as endothelia. Ischemic endothelium may limit tissue perfusion by obliterating effective luminal flow because of swelling and loss of regulatory function. Oxygen and other strategies may
provide vasoprotection, and thereby enhance neuroprotection.16 Recognition of the neurovascular unit as a
therapeutic target may encourage development of other
imaging techniques as well.
After collateral failure or increasing ischemic severity,
infarct growth may extend to the limits of the vascular
territory or stop at a point where flow is sufficient to
meet metabolic demands. Ischemic lesion volume has
been used as a potential surrogate in past studies, yet
patients may have excellent outcomes despite extensive
tissue injury. Lesion location also appears to be critical,
as some ischemic strokes may even be “silent” in certain areas of the brain. Refinement of the neurological
examination may demonstrate the importance of such
lesions, yet atlas-building will undoubtedly improve
clinical-radiographic correlation in the future. Most
commonly, areas of ischemic injury may be intermixed
with reperfusion. This may be associated with hemorrhagic transformation (HT), vasogenic edema, or inflammation. Imaging of subacute stroke may therefore
show complex and myriad patterns of injury. Detailing
restoration or repair within a certain region of the
brain may be quite difficult with even the most advanced imaging techniques. Overall, the time course of

Time Is Brain?
The mantra of “time is brain” has been perpetuated
throughout the stroke community, but this does not
provide an entirely accurate reflection of ischemic
pathophysiology. Undoubtedly, ischemic injury in the
brain may evolve quite rapidly within only the first
hours or minutes in select cases, but the time course
varies markedly across individuals. Time is measured
from symptom onset in almost all cases, yet this does
not reflect stroke onset. In fact, symptoms will become
manifest only once collaterals fail to compensate for
hypoperfusion. Transient symptoms may reflect the
brief transition from dependence on antegrade to ret-

Fig 4. Schematic illustrating the relation between time and
brain lost, noting marked dissimilarity between (A) pathophysiology measured from time from vascular occlusion (TFVO)
and (B) measures utilizing time from symptom onset (TFSO).
Each individual curve represents unique temporal features of a
particular case, including baseline brain volume, time to
symptom onset or collateral failure, degree of collateral dependence influenced by lesion location, and resultant infarct volume. Rapid decompensation caused by poor collaterals in
abrupt cardioembolic occlusion (A, 1) may lead to large infarcts at very early time points, whereas progressive ischemia
and robust collateralization in intracranial atherosclerosis (A,
2) may be manifest with a long time window and smaller
infarct volumes. In the absence of imaging, time alone measured from symptom onset (B, circle) is often used to group
these identical curves and calculate brain lost based on a linear, rather than a biologically plausible sigmoid, model.
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rograde, collateral flow in a vascular territory. In most
cases, the time of vascular occlusion is never known
and may have occurred hours, days, or weeks in advance. At the most extreme example, asymptomatic
MCA occlusion demonstrates that time may be altogether irrelevant.
It remains important to encourage patients, the public, and everyone potentially involved in the triage of a
stroke patient to demonstrate the “need for speed” and
rapidly intervene; however, imaging insight shows far
more than time alone.17–19 The amount of brain lost
or burden of ischemic injury can be averaged based on
time from symptom onset to any standard time point,
yet this dynamic process is not linear and defies such
calculations in any particular case. Hour to hour and
even minute to minute, the evolution of ischemic injury may vary dramatically. When one averages across a
population, summary statistics can be generated, but
predicting CT or DWI lesion growth at the bedside
defies such models. When time from symptom onset is
measured, we are essentially resetting relative times to
collateral failure, demarcating the initial downward inflection in sigmoid curves of time versus brain (Fig 4).
Even when measured from symptom onset, why does a
time window even exist?20 Some have speculated that
tissue vulnerability to withstand specific ischemic injury can be marked by time. Alternatively, time may be
important because the hemodynamic process continues
to evolve during this critical period. For instance, intravenous or intraarterial thrombolysis may be most effective early on because collateral perfusion is adequate.
Several hours later, venous collapse and hemodynamic
failure may limit reperfusion even if clot disruption is
achieved. This would suggest that effective thrombolysis may be limited by hemodynamics, not evolving clot
composition. This may explain why some cases may
benefit from recanalization many hours later in MCA

Fig 5. Extensive computed tomographic hypodensity (A) and
diffusion-weighted imaging evidence of ischemia (B) in the left
middle cerebral artery territory in a 40-year-old man within
75 minutes of witnessed onset of right hemiparesis and aphasia.
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occlusion or why basilar occlusions can be treated up
to 24 hours from symptom onset.21 Even within the
restricted time window of 3 hours for intravenous
thrombolysis, time may not be on one’s side as poor
collateral flow and extensive hypodensity on CT may
occur within the first hour or two after symptom onset
(Fig 5). The time course of hemodynamic failure and
window for reperfusion may vary across vascular territories as well. When looking at imaging results, it may
be impossible to distinguish timing altogether (Fig 6).
From a therapeutic standpoint, even “late” cases with
mismatch pose a dilemma because these cases may not
be prone to failure, thereby altering the risk/benefit ratio. Furthermore, time constraints for thrombolysis
may differ from windows for other therapeutic strategies. If one utilizes hemodynamic augmentation rather
than thrombolysis, time restrictions may vary.22 Altogether, time to imaging remains paramount, because
without rapid imaging, one must act rapidly based on
time alone.
Vessel Imaging
Vascular Pathology
Atherosclerosis is the primary culprit of most ischemic
strokes, but many types of vascular abnormalities may
be identified with recent advances in imaging. From
the venous circulation to the most proximal sites of
arterial emboli in the heart, CT and MRI can provide
detailed information. Cardiac imaging with visualization of all proximal arteries to the cerebral circulation
in one acquisition will likely become routine in the
next few years. Wall motion abnormalities and other
functional lesions such as patent foramen ovale can be
studied with cine techniques.23 Hemodynamic evaluation of cardiac function may also be assessed with
evolving techniques. Enhanced resolution and proper
gating will be required to thoroughly evaluate the possibility of intracardiac thrombi at risk for embolization.
Similarly, the utility of noninvasive modalities such as
CT and MRI to evaluate aortic arch atheromatous disease will require further refinement.
Recent work on imaging of the proximal cervicocephalic arteries has rapidly expanded to address several
key questions regarding identification of vulnerable or
high-risk lesions. Intimal-medial thickness has been
studied for many years with ultrasound as a marker of
vascular risk and now increasingly with CT and
MRI.24 Plaque characterization may be achieved with
CTA, black-blood MRI, T1 MRI, and with various
novel contrast agents such as iron oxide particles that
may delineate active inflammation or instability.25–27
In parallel, prominent calcifications signifying potentially stable yet chronic disease is easily visualized as
well. Calcified plaque on carotid CTA may be associated with reduced risk for subsequent stroke possibly

Fig 6. Detailed imaging of acute middle cerebral artery stroke (left to right: diffusion-weighted imaging, fluid-attenuated inversion
recovery, time-to-peak perfusion magnetic resonance imaging) shows that one cannot tell time from images because marginal tissue
damage may be present at 19 hours (left) compared with more extensive injury at 100 minutes (right).

because of reduced emboligenic potential.28 Many
studies have embarked on detecting lipid-laden plaque
at the carotid bulb that may be prone to rupture or
hemorrhage. Similar techniques for evaluation of the
intracranial circulation await further development. In
the future, one may expect to differentiate risk for intracranial atherosclerotic disease based on direct imaging of such plaques in the arteries at the base of the
brain. Recent work has highlighted the potential role
of MRI to characterize vasculitis in the intracranial vasculature, manifest as frank enhancement of the vessel
wall.29 These approaches may complement the current
role of conventional angiography for vasculitis where
only luminal irregularities may be seen with no information about the vessel wall itself. Intramural lesions
such as dissection have been easily identified with such

noninvasive techniques for many years now. Aside
from predilection for certain sites in the circulation and
guidance from classic clinical features to suggest this
diagnosis, dissection is readily identified by the spiraling crescent of intramural hematoma on fat-saturation
T1-weighted MRI or other noninvasive techniques.
Often subtle lesions with this highly specific configuration of dissection can be seen on other sequences
such as fluid-attenuated inversion recovery images (Fig
7). Small-vessel disease remains elusive, often identified
only by the ischemic lesions in subcortical zones. Although direct imaging of small vessels in the brain cannot be reliably achieved, associated findings such as cerebral microbleeds and the newly recognized
pathological role of Virchow–Robin spaces is expanding current knowledge.30 Previously considered nor-

Fig 7. Fluid-attenuated inversion recovery images showing the hyperintense, spiraling crescent sign of dissection in the right petrous
internal carotid artery (three sequential axial images from left) and associated borderzone infarction in downstream right parietal
region (far right).
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mal, Virchow–Robin spaces are now being revisited as
a possible marker of small-vessel disease.
In coming years, detailed imaging of such vascular
pathology may help stratify risk, allowing more informed decisions about potential therapeutic interventions. Adding this imaging data may help identify unstable or symptomatic lesions, revising the standard
definitions that have been used in carotid disease for
decades. These techniques may also be used to monitor
treatment, as in the case of statin therapy for carotid
plaque regression.
Stenosis and Occlusion
A broad array of imaging modalities from ultrasound
and angiography to CTA and MRA now make it possible to characterize focal narrowings or stenoses in
the cerebral circulation. The most common measure
of grading stenoses, measurement of luminal caliber
reduction, has principally relied on the North American Symptomatic Carotid Endarterectomy Trial
(NASCET) method in the extracranial carotid artery
and the Warfarin-Aspirin Symptomatic Intracranial
Disease (WASID) method in the intracranial circulation. Most noninvasive technologies have been validated against the gold standard of conventional angiography, and a plethora of reports have included
multiple modalities evaluated at once. Simple correlations between angiographic techniques are often reported, yet proper evaluation requires elimination of
bias and rigorous trial design as in the Stroke Outcomes and Neuroimaging of Intracranial Atherosclerosis (SONIA) study.31–33 Rough correlations across
modalities have been substantiated, but exact agreement is almost never achieved. Aside from other
methodological issues, the inherent nature or physical
basis of the technique must be considered. For instance, CTA utilizes relatively prolonged acquisition

Fig 8. The effects of global cerebral blood flow may be evident
in the perceived quality of time-of-flight magnetic resonance
angiography, with limited depiction of distal vessels in a 90year-old man (A) compared with detailed illustration of the
intracranial circulation in a 26-year-old woman with migraine (B).
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Fig 9. Axial source image (A) and coronal maximal intensity
projection (MIP) view (B) of computed tomographic angiography in acute left middle cerebral artery (MCA) occlusion (arrows). Opacification in more distal segments of the proximal
MCA on axial source images (A) because of collaterals may be
mistaken for patency of the MCA unless MIP views (B) are
viewed.

after contrast injection, thereby providing maximal
anatomic detail of the lumen. MRA techniques generally accentuate flow features; therefore, a moderate
stenosis based on luminal caliber may show poor distal flow caused by hemodynamic effects. Inaccuracy
of stenosis measures on time-of-flight MRA may simply be caused by pronounced flow reduction. Even
global reductions in cerebral blood flow may limit
MRA depiction, as often seen on time-of-flight MRA
in elderly patients (Fig 8). In short, CTA accentuates
anatomy and MRA emphasizes flow. Dynamic, phase
contrast and quantitative MRA all capitalize on this
aspect. Although the management of extracranial and
now intracranial stenoses has revolved solely around
single measures of percentage luminal reduction, noninvasive and conventional angiography may better define how tandem stenoses, lesion length, tortuosity,
and other morphology may influence downstream
flow.
The complex configuration of the intracranial circulation and limited capacity to reliably discern flow in
small, distal vessels without conventional angiography
has limited our understanding of key mechanisms in
stroke caused by intracranial atherosclerosis. Although
combinations of noninvasive techniques including
TCD with embolus detection, angiographic studies,
and perfusion imaging may be used to serially evaluate
these cases, such an intensive battery has not been analyzed to date.34 Current therapeutic approaches, including angioplasty and stenting, have been based
solely around presence of symptoms and solitary measures for degree of stenosis.35 Recent work has demonstrated that asymptomatic intracranial stenoses have
low risk for stroke, and that angiographic collateral
flow beyond a stenosis remains the most potent predictor of recurrent ischemia.36,37 Future research will define the role of collaterals, arterial emboli, perforator

compromise, and in-stent restenosis utilizing the latest
imaging technology. Severe intracranial disease may exist without hemodynamic impairment, as chronic
MCA occlusions may show no abnormalities on
positron emission tomography.38 Such compensated lesions are often seen with moyamoya syndrome, the ultimate model of acute-on-chronic ischemia in humans.
Recurrent ischemia eventually stabilizes after gradual
occlusion of multiple proximal arteries. The progressive
compensation in CBV allows such patients to avoid
major strokes, despite extensive mismatch on perfusion
imaging.39 Recurrent ischemia in MCA stenosis typically results in small infarcts along the borderzones.40
These lesions may be caused by emboli or hypoperfusion, which typically coexist.15 After surgical revascularization, perfusion patterns and arterial territories
may completely shift.41,42
Complete occlusion can be illustrated with most
modalities. More dramatic flow effects evident on
TCD or MRA may focus attention on a particular vessel, whereas the exquisite anatomic detail of CTA must
be carefully inspected to avoid missing an occlusion. As
the entire vascular circuit may be visualized with CTA,
including enhancement of collaterals at the distal end
of the occlusion and the deep middle cerebral vein,
proper evaluation on thin maximum intensity projection images may be required (Fig 9). CTA is extremely
valuable for rapid evaluation of potential occlusion in
most stroke patients.43 For more than two decades, the
presence of a hyperdense artery on noncontrast CT has
been used as a sign of MCA occlusion. More recently,
this finding has been described in the ICA and
PCA.44,45 Others have demonstrated that, although
this finding is a marker of poor outcome, intravenous
thrombolysis may be effective with such lesions.46 Hy-

Fig 10. Fluid-attenuated inversion recovery of M2 segmental
occlusion of the middle cerebral artery demonstrates vascular
hyperintensity immediately proximal to the occlusion (A)
caused by slow flow and serpiginous vascular hyperintensity
distal to the occlusion (B) from slow, retrograde collateral
flow.

perdense arteries on CT associated with clot are often
mistakenly described as early ischemic findings, and
various mimics exist as well. Increased use of gradientrecalled echo (GRE) MRI has stimulated interest in
blooming artifact or hypointensity in and around a vessel containing thrombus. Age of the clot, amount of
thrombus, location, and local flow conditions all affect
appearance of this finding. Only recently has
radiographic-pathological correlation investigated how
clot composition affects appearance on CT and MRI.
The first descriptive series of clots extracted from humans with acute ischemic strokes noted that thrombi
rich in red cell content appear hyperdense on CT and
hypointense on GRE.47 It was also noted that clots
may be obtained from vessels that do not manifest such
findings indicative of thrombosis. Further development
of thrombolysis and thrombectomy devices will likely
spur further work on imaging of clot composition in
vivo.
Collaterals and Other Flow Routes
An overwhelming focus on arterial obstruction by clots
or stenoses has detracted from imaging of actual ischemia and related flow phenomena. Slowing of flow immediately upstream from an occlusion may be seen as
hyperintensity on fluid-attenuated inversion recovery
(Fig 10A). Diversion of flow into adjacent territories to
provide collateral support may also be evident, either as
ipsilateral prominence of the PCA in MCA occlusion
or as conspicuous flow voids on GRE in collateral vessels. These MRI findings reflect flow diversion manifest on TCD.48 Other indicators of flow abnormalities
include absence of flow voids downstream from an occluded vessel. On GRE, phase mismapping that is normally present with robust flow may disappear.49 This
bright stripe or hyperintensity at the margin of the vessel is an artifact that is produced by relatively faster
flowing blood being “mismapped” by the MRI to the
edge of the vessel also indicating the direction of flow.
On rare occasion, flow reversal or retrograde collateral
flow in the MCA may be discerned by the flipped
phase-mismapping artifact in vessels entering the Sylvian fissure from the PCA. Slow, retrograde flow beyond an occlusion is frequently seen as fluid-attenuated
inversion recovery vascular hyperintensity (see Fig
10B).50 Other conspicuous vessel findings include deoxygenation seen as hypointensity on GRE in draining
veins of the ischemic territory, either over the hemispheric convexity or through the basal venous circuit.
Perfusion
The perfusion status of downstream regions in the setting of ischemia determines tissue injury, shapes recanalization, influences effective reperfusion, and importantly, mitigates HT. Limited hypodensity, or a high
Alberta Stroke Program Early CT Score (ASPECTS),
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Fig 11. Perfusion angiography images generated from an oblique projection of right internal carotid artery injection at angiography
shows blood flow changes in standard perfusion parameters beyond a right middle cerebral artery occlusion. CBF ⫽ cerebral blood
flow; CBV ⫽ cerebral blood volume; MTT ⫽ mean transit time; CPP ⫽ cerebral perfusion pressure.

on CT facilitates recanalization with thrombolysis.51
Even when CTA source images are used to judge the
extent of injury at baseline, CTA may predict good
functional outcome if the ASPECTS is preserved. Similar correlates have been demonstrated with DWI ASPECTS.52 Collateral perfusion beyond an occlusion,
therefore, not only preserves tissue at risk for infarction, but aids recanalization. This concept that downstream flow influences what happens upstream is an
important facet that underscores the dynamics and interrelated aspects of ischemia, a radically different approach than solely considering mismatch or the elusive
penumbra as a target to be salvaged only by removing
the arterial occlusion. For the last decade, perfusion
imaging in ischemic stroke has been equated with mismatch and the identification of the vulnerable region
of brain. The penumbra, aptly termed as a shadow cast
on the brain by vascular physiology, has been described
as residing or emanating from brain parenchyma itself.
Selective neuronal loss in the penumbra may occur, yet
one should not forget that, in acute ischemic stroke,
the primary process is vascular. Mismatch is, therefore,
a moving target that may be largely influenced by hemodynamics, including preconditioning and factors
that alter blood flow immediately after occlusion. The
focus on arterial occlusion and extensive use of CT and
MRI perfusion imaging has largely eliminated consideration of specific vascular structures that may be evident on angiography. For instance, arterial collaterals
or venous drainage patterns cannot be identified with
perfusion imaging, yet these are important features visible at angiography. Recent development of a novel
postprocessing technique now makes it possible to generate perfusion parameter maps directly from conventional angiography (Fig 11), allowing feeding or drain-
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ing vessels to be simultaneously identified.53
Perfusion information is often inferred from infarct
patterns or summarily described by a single parameter,
rather than delving into the mathematics of flow or
underlying biology. For instance, DWI lesion patterns
such as borderzone infarcts may implicate hypoperfusion, and cause is often inferred.54 This may be misleading without further confirmatory diagnostic studies
as a transient ischemic attack (TIA) ascribed to embolism because of a small punctate lesion on DWI may
be caused by hypoperfusion downstream from largeartery stenosis. The presence of DWI lesions in TIA
has received much attention, yet the biological determinants have been neglected as opposed to the emphasis on revising clinical definitions and prognostication.55–58 Furthermore, infarct size has not always been
an accurate predictor of outcome.59 Monitoring treatment with DWI or diffusion tensor imaging and evolution of such lesions will be fruitful in coming
years.60,61 Consideration of perfusion in further detail,
such as multiparametric analyses, may provide insight
on lesion evolution.62 Many perfusion algorithms have
been used, yet most predictive models have been based
on finding a single optimal parameter.63,64 Perfusion
imaging data obtained from first-pass contrast bolus
techniques (including CT, MRI, and angiography) are
always described by a curve of contrast concentration
over time, with specific measurements yielding distinct
blood flow parameters. Technical differences, including
accounting for delay and dispersion, may alter calculation of parameters such as CBV.65 Multiparametric
models of infarct prediction have also failed to consider
the bidirectional nature of CBV changes that evolve
over time. Interestingly, substantially more information
is provided by current multiparametric perfusion data

delays, prompt intervention may lead to reversal in isolated cases.

Fig 12. Serial diffusion-weighted imaging of acute left middle
cerebral artery occlusion shows an initial subcortical abnormality (A) and complete reversal (B, C) 5 days after treatment
with intravenous thrombolysis.

compared with older techniques focused solely on CBF
measurement in animal models. Similarly, arterial spin
labeled MRI focusing on CBF measures may miss
other important aspects. CBF may be the least dramatic change during earlier stages of ischemia. Perfusion must be considered as flow involving arteries, microcirculation, and veins. Flow is only partially
determined by pressure, and resistance has a prominent
role. Multiparametric analyses may better characterize such individual features. For this reason, time-topeak on MRI cannot be compared with CBV on CT.
Even when specific measures are obtained with identical technical specifications, mathematical errors cannot be overlooked.66 Ultimately, understanding the
biology of perfusion patterns will be critical in developing novel treatments.64,67,68 Even at baseline, one
must consider variables such as hydration status, head
positioning, and serial changes caused by increasing
downstream resistance that influence perfusion imaging
patterns. These studies will also clarify the potential
and limitations of collateral therapeutic strategies such
as induced hypertension or augmentation of pressures
in collapsible veins to reduce downstream resistance.22,69 –71
Reperfusion
Reversing Ischemia
Maximizing the potential of perfusion imaging will
continue to expand the nascent concept that cerebral
ischemia may be completely reversible in certain scenarios. During the earliest epochs, DWI lesions may be
reversible (Fig 12), and even extensive perfusion abnormalities can be eradicated without arterial recanalization. These features that have been demonstrated with
venous ischemia may also occur with arterial occlusion
if imaged early. Most stroke imaging studies in the past
focused on infarction and others on later stages of repair.72 When an arterial occlusion is identified early,
the goal should be to improve perfusion converting potential strokes to TIA. Even when CBV appears collapsed because of failure to detect low flow with severe

No Reflow
Now that arterial revascularization strategies abound,
the greatest enigma has been recanalization without
reperfusion. One may expect that removing the arterial occlusion should allow pressure to adequately perfuse downstream reaches, yet resistance has been neglected. Such resistance is not necessarily mediated by
arteriolar autoregulation, but by the microcirculation
and dynamic changes in the venous circulation in the
hours that ensue after arterial occlusion.13 No reflow
has been known in the heart and observed in animal
stroke models many years ago, yet only recently recognized in the brain. After arterial recanalization, angiography often shows poor distal perfusion with tapered arteries, yet no evidence of distal embolic
occlusion. Plugging of the microcirculation has been
previously implicated, and reperfusion injury remains
largely unexplored despite concern that this remains a
critical issue in acute stroke.73 Imaging of animal
models has shown that the postischemic blood flow
response to functional activation is severely attenuated
for several hours.74 Future studies will be able to explore the role of other factors such as age, sex, and
hyperglycemia influencing reperfusion in the microcirculation and the concept of cerebral ischemic postconditioning.75–77 Postconditioning suggests that
gradual reperfusion may be more effective than sudden revascularization. Most importantly, imaging can
improve medical decision making by providing enhanced estimates that balance risk and benefit of attempted reperfusion.
Hemorrhagic Transformation
Hemorrhagic conversion of an ischemic lesion remains
the most feared complication of reperfusion. Numerous imaging studies have correlated baseline imaging
features with subsequent HT.78,79 HT is known to result from severe ischemia exacerbated by reperfusion.80
Leukoaraiosis and associated perfusion abnormalities
have been studied in this context.81,82 Progressive ischemia over time caused by impaired perfusion, permeability derangements in the blood–brain barrier, and
ineffective reperfusion after recanalization may all be
studied with imaging.67 Discussion of these imaging
approaches is included in the companion article on
hemorrhage.
Innovative Dimensions
Vessel Imaging
The growth of endovascular therapy has increased the
use of conventional angiography, providing an ideal
opportunity to perform correlative studies with nonin-
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vasive angiographic techniques and perfusion imaging.
Continued refinement of CTA and enhanced MRA
will likely yield improved resolution and detection of
increasingly subtle vascular changes. In diminutive vessels, endothelial imaging may show ischemic changes as
well.83 Further validation of quantitative MRA across a
spectrum of clinical scenarios will finally move characterization beyond isolated measures of stenosis, probing
the amount of flow beyond such lesions.84 Detection
of emboli with TCD offers advantages that no other
modality can address, and increased use of this approach in conjunction with other modalities will undoubtedly grow in coming years. Such monitoring
proximal and distal to specific lesions may disclose the
culprit emboligenic lesion with certainty (Fig 13).
Perfusion
Numerous aspects of perfusion imaging await further
development, although routine use of CT and MRI
techniques is already widespread. Several modifications

Fig 13. Transcranial Doppler ultrasonography with embolus
detection in proximal and terminal segments of the left internal carotid artery confirmed that emboli were emanating from
this dissection illustrated on angiography.

584

Annals of Neurology

Vol 66

No 5

November 2009

Fig 14. Permeability image (A) showing blood–brain barrier
disruption in the basal ganglia and flow heterogeneity map
(B) showing slowing of microcirculatory blood flow in subcortical regions derived from standard perfusion imaging data set
acquired in acute ischemic stroke.

in CT perfusion imaging are being explored including
progressively increased spatial coverage with higher resolution, reduced contrast requirements, and minimized
radiation effects.85– 89 Whole-brain CT perfusion is being developed with several approaches, including up to
256 detector rows.85,86 The effects of different biological factors on CT or MRI perfusion such as proximal
stenoses and baseline differences in regional blood flow
are also under study.90,91 Selective arterial spin labeling
will also be able to show regional differences in perfusion.92 Of particular interest is the variation of perfusion in white matter and different ischemic thresholds.93,94 Regional variation in blood flow
abnormalities and topography is already under investigation with the development of perfusion atlases.95 Because of the practical constraints of acute stroke image
acquisition, maximal use of perfusion data is a key priority. Currently, permeability maps that denote regions
of contrast leakage in the blood–brain barrier and flow
in the microcirculation with flow heterogeneity maps
can be generated from routine perfusion acquisitions
(Fig 14). Recent postprocessing modifications allow
identical mathematical approaches to be applied to
both CT and MRI techniques to provide these maps.
Prediction of hemorrhage and arteriogenesis can be
studied with these approaches.
Parenchyma
Detection of tissue abnormalities associated with ischemia is also advancing with improved image acquisition and postprocessing. An adaptive smoothing filter
of unenhanced CT images may aid recognition of early
hypoattenuation.96 Sodium MRI may be able to detect
extremely early ischemic changes.97 Magnetization
transfer MRI can also show microstructural damage
and possibly selective cellular loss in the salvaged penumbra.98 Increasing availability of higher Tesla

strength MRI units may also improve tissue characterization, yet comparisons in lesion volume may need to
account for field strength.99
Functional Imaging
Beyond perfusion, numerous other functional imaging
approaches are being developed to study cerebral ischemia. Diaschisis in the contralateral cerebellum has recently been illustrated with MRI of MCA stroke.100
Functional activation studies are also being explored in
the acute phase, although challenges include accounting for hemodynamic effects and practical aspects such
as testing paradigms while triaging for revascularization. Deoxygenation of blood flow and penumbral
identification based on T2* sensitivity to an oxygen
challenge are also being studied.101 Magnetic resonance
spectroscopy may show serial changes in
N-acetylaspartate and lactate.102 Recent magnetic resonance spectroscopy investigation has shown that the
apparent diffusion coefficient and mean transit time
correlate with lactate but not N-acetylaspartate, suggesting these two parameters are markers of ischemia
but not neuronal loss.103 MRI methods have recently
been developed to measure temperature, pH, and even
noise associated with physiological activity.104 –106 Inflammation in the ischemic brain associated with leukocyte activation and macrophage infiltration may be
imaged with ultrasmall paramagnetic iron oxide particles.107–110 Such imaging may be useful in chronicling
angiogenesis and neurogenesis upregulated during the
subacute phase.111 Imaging research on inflammation
will likely be advanced with novel positron emission
tomographic ligands. Innovative imaging approaches in
early stages of development include chemical shift imaging, hyperpolarization, and paramagnetic chemical
exchange saturation transfer.112–115
Monitoring Therapy
These novel imaging strategies for vessel imaging, assessment of perfusion, and parenchyma, and functional
aspects may be extremely useful in monitoring therapeutic interventions. Serial imaging at baseline, after
revascularization, before discharge, and during repair is
already under way at several centers. Future correlation
with serology and the use of fusion techniques for conventional angiography with CT or MRI will further
enrich knowledge of ischemia in humans. Several
groups have already implemented advanced imaging to
monitor the effects of hyperoxia, statins, and other
medications. The potential benefits of hyperoxia for
acute ischemia have been illustrated with magnetic resonance spectroscopy and other MRI techniques.116 –118
MRI has been used to illustrate potential beneficial effects of statin therapy.119,120 Sildenafil has also been
shown on MRI to induce angiogenesis and axonal remodeling after stroke.121 Cellular trafficking of endog-

enous responses or therapeutic delivery of stem cells
may capitalize on the use of superparamagnetic iron
oxide molecules.122,123 The effects of osmotherapy and
hemodynamic interventions can already be assessed
with serial MRI.124 In the future, perfusion image acquisition with varying head position may provide further insight.
Trials and Tribulations
Multicenter Stroke Imaging
Imaging has played a central role in several large multicenter trials of acute stroke therapy. Imaging has been
used as selection criteria and detailed in numerous subgroup analyses, yet clinical outcome has always
trumped imaging. Most trials have been imaging of
therapy and not necessarily trials of imaging. As a result, many stroke imaging techniques remain unvalidated. It remains difficult to simultaneously evaluate
novel imaging technologies and stroke therapies in the
same clinical trial. Some have attributed the numerous
failures of stroke trials to heterogeneity that may be
characterized by imaging, yet the costs frequently deter
trialists from including intensive imaging approaches.
In the future, stroke trials may benefit from using imaging to classify cases from a diagnostic perspective to
tailor therapy rather than trialing a single therapy
amidst heterogeneity.125 Unfortunately, the imaging
approaches are often quite reductionist, addressing the
need to construct a single primary outcome measure.
This defies the enormous prowess of information contained in imaging of cerebral ischemia. Negative trial
results may consequently lead imaging to be viewed as
superfluous and subsequently removed altogether from
clinical trials of stroke therapy.
The Diffusion and Perfusion Imaging for Understanding Stroke Evolution (DEFUSE) trial recently
demonstrated that specific mismatch patterns may be
used to predict outcome with thrombolysis up to 6
hours from symptom onset.126 Furthermore, a mismatch ratio of 2.6 provided the greatest sensitivity
(90%) and specificity (83%) for identifying patients in
whom reperfusion was associated with a favorable response.127 MRA-DWI mismatch was also shown to be
a useful predictor of patients likely to benefit from
reperfusion.128 Overall, mismatch was associated with
favorable clinical response and smaller infarcts when recanalization was achieved.129 The Echoplanar Imaging
Thrombolysis Evaluation Trial (EPITHET) randomized cases within a 6-hour epoch for thrombolysis, yet
generated debate because of the equivocal imaging results.130 –132 In the Desmoteplase in Acute Ischemic
Stroke (DIAS-2) trial, imaging results differed between
sites that utilized CT versus MRI perfusion imaging,
raising more questions about imaging techniques.133
Results from stroke imaging trials are often based on
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Fig 15. Identical computed tomographic perfusion imaging acquisition in three acute stroke cases shows how relatively subjective
approaches may alter quantitative blood flow measurements on mean transit time (MTT) maps. Semiautomated approaches to map
standard arterial territories such as the posterior cerebral artery (A) may yield erroneous values. Manually subsegmented portions of
the middle cerebral artery territory (B) may show radically different values depending on choice of homologous region used as a control. Cortical regions are inadvertently ignored by measures (B) that attempt to avoid large-vessel influences. Measurements derived
from automated region-of-interest sectors around the cortical surface (C) may ignore underlying vascular anatomy and fail to account for entire subcortical regions.

averages or summary statistics, and correlations may be
established, yet the subtleties and details of imaging often remain buried. Site differences in technique may
confound trial conduct, and current efforts for standardization aim to improve on these limitations.66,134
Even when detailed lesion volumes are used rather than
gross visual estimates, much variability persists.135 For
instance, detailed measures on CT perfusion usually require manual region-of-interest selection based on presumed arterial territories, often avoiding the cortical
surface to exclude large vessels (Fig 15). Depending on
these factors, the resultant averaged value of each perfusion parameter may vary. Finally, choice of an optimal control for a given patient remains unclear. Contralateral homologous regions may be best to account
for age, sex, comorbidities, and other patient-specific
factors. Such issues affect MRI as well. Voxel-based
predictions may provide incredible power from a statistical perspective, yet such values may be discordant
with clinical outcome despite such power. Penumbral
selection and predictive models, therefore, may be
quite complicated. In fact, many other factors such as
demographics, baseline or index stroke features, other
imaging patterns, treatment details, subsequent medical
care, and complications to day 90 may defy predictive
models. Many imaging predictive models have been
based on cardioembolic stroke cases in the United
States and have limited utility in stroke because of intracranial atherosclerosis among Asian patients. Future
imaging trials must therefore account for such differences. Even when predictive values reach 80%, one
must question whether this can be used to appropriately exclude patients from therapy in acute stroke.
Most often, a decision about revascularization is made
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after detailed imaging, yet a go/no-go paradigm is unrealistic because the risk/benefit may continue to evolve
because of the dynamic nature of stroke pathophysiology. Serial risk/benefit assessments, therefore, may be
more appropriate in the management of individual
cases.
n of 1 and Tailored Stroke Therapy
Unlike the seemingly controlled framework of a clinical trial, stroke imaging is usually acquired, interpreted,
and implemented case by case on a daily basis. This n
of 1 approach often considers numerous factors and
imaging subtleties unanswered by prior trials. Imaging
has become a requisite component of the neurological
examination as one simply cannot evaluate and manage
a stroke patient in effective fashion without the use of
diagnostic neuroimaging capabilities. Such tailored
stroke therapy often places tremendous emphasis on
imaging findings, typically evaluated by the clinician in
real time.
The impact of stroke imaging on clinical management is of paramount importance. Neurologists or
other clinicians must often rely on subtle imaging features guided by key examination findings at the bedside. Despite reverence for blinding in clinical trials,
interpretation of imaging in practice should be anything but blinded, based on clinical correlation. Imaging information must be maximally extracted from every image, such as detecting evolving edema from
MRA source images when other sequences are unavailable. Guidelines on stroke imaging and suggested parameters typically revolve around timelines for image
acquisition, yet many questions about interpretation
and subsequent decision making remain unanswered.

Optimal management of the wake-up patient or late
time window case continues to baffle clinicians. For
both TIA and stroke, time to imaging is key because
the information from images is critical.136 Increasing
use of telestroke to organize acute stroke services emphasizes imaging as an essential component, and ongoing research will explore the practice of stroke imaging
in this new context.137
Conclusions
Imaging of stroke has continued to accelerate our rapidly expanding knowledge of ischemic pathophysiology. Novel modalities provide a fertile ground for discovery of therapeutic targets and the potential to assess
effects of promising strategies. The information garnered from imaging of ischemia and the cerebral circulation discussed in this article has also yielded insight
on potential future breakthroughs in hemorrhage to be
discussed in the second article of this series.
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