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AHA Scientific Statement

Recommendations for Imaging of Acute Ischemic Stroke
A Scientific Statement From the American Heart Association

Richard E. Latchaw, MD, Chair; Mark J. Alberts, MD, FAHA; Michael H. Lev, MD, FAHA;
John J. Connors, MD; Robert E. Harbaugh, MD, FAHA; Randall T. Higashida, MD, FAHA;
Robert Hobson, MD, FAHA†; Chelsea S. Kidwell, MD, FAHA; Walter J. Koroshetz, MD;

Vincent Mathews, MD; Pablo Villablanca, MD; Steven Warach, MD, PhD; Beverly Walters, MD;
on behalf of the American Heart Association Council on Cardiovascular Radiology and Intervention,

Stroke Council, and the Interdisciplinary Council on Peripheral Vascular Disease

Stroke is a common and serious disorder, with an inci-
dence of �795 000 each year in the United States alone.

Worldwide, stroke is a leading cause of death and disability.
Recombinant tissue plasminogen activator (rtPA) was ap-
proved a decade ago for the treatment of acute ischemic
stroke. The guidelines for its use include stroke onset within
3 hours of intravenous drug administration, preceded by a
computed tomographic (CT) scan to exclude the presence of
hemorrhage, which is a contraindication to the use of the
drug. Although randomized, controlled studies in Europe and
North America demonstrated the efficacy of this treatment, it
also was associated with an incidence of intracranial hemor-
rhage of 6.4%,1,2 which was shown on subsequent studies to
be even greater if there was not strict adherence to the
administration protocol.3 The goal of these controlled studies
was to evaluate patient outcome. There was no attempt to
determine the site, or even the actual presence, of a vascular
occlusion, the degree of tissue injury, or the amount of tissue at
risk for further injury that might be salvageable.

More than a decade later, progress for treating acute ischemic
stroke has been slow,4,5 yet the goals for treating this common
disease have expanded. First, there is the need to extend the
therapeutic window from 3 to �6 hours. Even with the rapid
communication and transportation in our societies today, very
few patients present for treatment within 3 hours.6 Second, there
is the desire to improve the efficacy of treatment. It had been
shown even before the randomized, controlled studies that

intravenous rtPA works better in small peripheral vessels than in
the large vessels at the skull base.7 Third, there is a need to
decrease the complication rate, especially if patients are to be
treated later in the course of the ischemic process.

How are these goals to be achieved? First, new therapies
are being developed. The efficacy of new intravenously
administered thrombolytic drugs may be better than rtPA,
while associated with fewer complications.8 The intra-arterial
administration of a thrombolytic agent is not a new technique,9

but no agent has yet been approved for intra-arterial delivery to
treat acute stroke. A number of devices have either been
approved10 or are under evaluation for the performance of
intra-arterial mechanical thrombectomy. The hope is that these
devices will partially or totally remove an occluding thrombus
without requiring any, or as much, of the drugs associated with
hemorrhage. Such an approach (starting with an intra-arterial
therapy instead of the administration of an intravenous drug)
requires that vascular imaging be performed during the initial
imaging assessment of the patient.

Second, the patient may be triaged for appropriate man-
agement with improved imaging techniques beyond a simple
CT scan.4,5 To extend the therapeutic window, improve
efficacy, and limit complications, imaging should address 4
essential issues: (1) the presence of hemorrhage; (2) the
presence of an intravascular thrombus that can be treated with
thrombolysis or thrombectomy; (3) the presence and size of a
core of irreversibly infarcted tissue; and (4) the presence of
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hypoperfused tissue at risk for subsequent infarction unless
adequate perfusion is restored.11–13 There are now a myriad of
imaging tests for evaluation of these 4 issues, with the
number of new and improved magnetic resonance (MR) and
CT techniques virtually exploding during the past decade.
MR diffusion-weighted imaging (DWI) is the most sensitive
and specific technique available for demonstrating acute
infarction within minutes after its occurrence,14 and this can
be combined with MR perfusion (MRP) to differentiate
viable from probably nonviable hypoperfused tissue.15–17 In
the same examination, MR angiography (MRA) can demon-
strate the vascular occlusion, whereas a gradient-recalled
echo (GRE) sequence excludes intracerebral hemorrhage
(ICH).18 The fluid-attenuated inversion recovery (FLAIR)
sequence is now routine and is the best method for showing
abnormal accumulations of fluid. Such a combination of MR
sequences can be performed in 10 minutes.19 With multide-
tector scanners, nonenhanced CT (NECT) scanning of the
head can be performed in a matter of seconds to evaluate
hemorrhage and other insults to the brain; CT angiography
(CTA) from the aorta to the top of the head can be performed
in less than a minute; and the source images from that CTA
(CTA-SI) can provide a qualitative cerebral blood volume
(CBV) map that detects the core of infarction and improves
the demonstration of the tissue at risk for infarction compared
with NECT.20–22 Quantitative (dynamic) CT perfusion (CTP)
can be focused on the tissue at risk during the same imaging
session to differentiate infarcted from oligemic but probably
viable tissue.23 Imaging at a single point in time presents only
a portion of the desired information, with the evolution of
tissue perfusion and viability the ultimate goal. The decision
to treat acute stroke with a variety of chemical agents and
devices requires that essential information be obtained rap-
idly, however; the treating physician does not have the luxury
of acquiring multiple data points over time. Thus, the newest
imaging methodologies should be viewed as excellent meth-
ods for patient triage.

Which of these many techniques should be used by the
medical team, made up of imaging specialists and clinicians?
There are many factors to consider, such as the differential
diagnosis, availability and reliability of the technique, time
for performance, expertise required for performance and
interpretation, cost, and both patient monitoring and comfort.
A recent symposium attended by imagers and clinicians from
many subspecialties within the neurosciences produced by
consensus a roadmap for the use of a variety of imaging
techniques.24 The goals of this ongoing research group will be
to determine the accuracy of the various modalities, their
ability to triage a patient for therapy, and their role in
assessing patient prognosis and outcome; however, that group
did not undertake an in-depth review of the literature regard-
ing their current status. Thus, it is appropriate that a review of
the literature be undertaken to determine the current state of
various imaging techniques and procedures in terms of what
they offer relative to what we need to know to provide proper
medical management. This imaging analysis can be divided
into 3 components: Imaging of the cerebral parenchyma,
imaging of the blood vessels, and perfusion imaging to assess
tissue viability. The review has been confined to the English

literature and includes all relevant articles but focuses on the
literature from 2000 to 2006, with some more recent. The quality
of each article has been assessed for its level of evidence (LOE),
per Table 1. From this analysis, guidelines and recommenda-
tions have been proposed, with the class (strength) of each
recommendation based on the LOEs (Table 2). The definitions
for the LOEs and classes of recommendations conform to the
American Heart Association’s practice guidelines classifica-
tion scheme. When the LOEs are weak and a firm guideline
or recommendation cannot be established, trends are dis-
cussed and suggestions made for further studies.

Imaging the Cerebral Parenchyma
CT and MR imaging (MRI) are used for imaging of the
density and intensity, respectively, of the cerebral paren-
chyma and its anatomic structure. The 3 roles of these
imaging modalities in assessing the status of brain tissue in
the acute stroke patient are the same: the exclusion of
hemorrhage, the detection of the ischemic tissue, and the
exclusion of conditions that mimic acute cerebral ischemia. The
ability of each modality to determine the amount of salvageable
versus nonviable tissue depends on the perfusion techniques that
each can perform, which will be discussed below.

Evaluation of the literature must be done with the recog-
nition that the ability of each modality to accomplish these 3
goals has improved progressively over the past decade, which
makes comparative evaluation more difficult. The perfection
of multidetector technology has enabled a CT scan of the
head to be obtained with submillimeter slice thickness in a
few seconds and with superior tissue differentiation (contrast
resolution) to the past. The speed of MR image acquisition
and reconstruction has decreased markedly, the quality of the
images has improved, and the diversity of the pulsing
sequences has increased significantly. The latter is exempli-
fied by the development of DWI to detect ischemic tissue
within minutes of its occurrence, the perfection of the FLAIR
sequence that permits the detection of subtle intraparenchy-
mal and subarachnoid fluid collections far better than other
sequences, and the common use of gradient-echo (magnetic

Table 1. Levels of Evidence

A Data derived from multiple randomized clinical trials or meta-analyses

B Data derived from a single randomized trial or nonrandomized studies

C Only consensus opinion of experts, case studies, or standard-of-care

Table 2. Classification of Recommendations

Class I Conditions for which there is evidence for and/or general
agreement that a procedure or treatment is beneficial,
useful, and effective

Class II Conditions for which there is conflicting evidence and/or
a divergence of opinion about the usefulness/efficacy
of a procedure or treatment

Class IIa Weight of evidence/opinion is in favor of usefulness/efficacy

Class IIb Usefulness/efficacy is less well established by evidence/opinion

Class III Conditions for which there is evidence and/or general
agreement that a procedure/treatment is not useful/effective
and in some cases may be harmful
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susceptibility) imaging to detect acute parenchymal hemor-
rhage and thrombus formation.

Exclusion of Hemorrhage

Intracerebral Hemorrhage
It is usually assumed that CT is the gold standard for the
detection of ICH. In fact, there are no level A studies, which
use a true gold standard such as immediate surgery or
autopsy, to determine the sensitivity and specificity of CT in
detecting acute ICH. Most imagers and clinicians have long
assumed the high accuracy of CT in demonstrating parenchy-
mal blood on the basis of a few level C studies with early CT
scanners25,26 and practical experience. Two prospective and
randomized level A studies used CT in the evaluation of
intravenous tissue plasminogen activator (tPA) for the treat-
ment of cerebral ischemia within 3 hours of onset, in which
the exclusion of intracranial hemorrhage was mandatory for the
administration of the thrombolytic agent.1,2 However, the accu-
racy of CT was not being evaluated, and the participants in these
studies assumed the high sensitivity of CT for this detection.

The appearance of ICH on MRI is dependent on both the
age of the blood and the pulsing sequences used.18,27–33

Magnetic susceptibility imaging is based on the ability of a
T2*-weighted MR sequence to detect very small amounts of
deoxyhemoglobin, in addition to other compounds such as
those that contain iron or calcium. During the past few years,
numerous authors have described anecdotal series in which
these gradient-echo techniques have demonstrated cerebral
hemorrhage.34 In a 2004 study, gradient-echo MRI was
performed followed by NECT in 200 patients presenting with
stroke symptoms of �6 hours. Although the gold standard
was the consensus of 4 blinded readers, they found that MRI
and CT were equivalent in detecting acute hemorrhage (96%
concordance). In 4 patients, MRI demonstrated hemorrhagic
transformation of areas of ischemia that the CT did not detect.
In another 49 patients, deposits of chronic hemorrhage
(microbleeds) were visualized on MRI but not on CT. The
conclusion was that the MR GRE sequence appeared to be at
least as accurate as CT for the detection of acute ICH.18 Does
the presence of tiny amounts of hemorrhage seen on MR but
not CT contraindicate the use of a thrombolytic agent? Recent
evidence (level B) suggests that although the presence of old
microbleeds may predict recurrent disabling and fatal strokes,
there was no statistically significant increase in the risk of
symptomatic ICH when patients with a small number of
microhemorrhages (�5) on MR were treated with intrave-
nous thrombolysis.35 The risk in patients with multiple
microbleeds (�5) is underdetermined.

Subarachnoid Hemorrhage
Although the clinical presentation of subarachnoid hemor-
rhage (SAH) is sufficiently different from the presentations of
either acute ICH or cerebral ischemia in most cases, it is
important to exclude the presence of SAH if the administra-
tion of a thrombolytic agent is considered, as well as to
determine the cause of the SAH once detected (eg, aneu-
rysmal rupture). Studies comparing CT and lumbar puncture
are numerous and have demonstrated the high sensitivity of
CT in detecting SAH.36–39 In fact, it is this proven ability of
CT to detect small amounts of SAH that has led to the

assumption that CT has a high sensitivity for the detection of
any acute intracranial hemorrhage.

FLAIR, an MRI sequence, nulls the signal from cerebro-
spinal fluid, which enables the detection of tiny amounts of
hyperintense fluid, be it blood or an inflammatory exudate,
within the subarachnoid spaces. Level C studies have dem-
onstrated the ability of FLAIR to detect SAH, proven with
subsequent CT and lumbar puncture40; however, prospective
randomized studies have not been performed. In addition,
cerebrospinal fluid turbulence within prepontine and other
basilar cisterns produces increased signal, which simulates
subarachnoid blood/exudate as a false-positive sign on the
FLAIR sequence.

Detection of Cerebral Ischemia and Exclusion
of Mimics
The dual roles of detecting the ischemic tissue to ensure the
diagnosis while excluding mimics such as tumor or subdural
hematoma are heavily dependent on the contrast resolution of
the imaging system. Although MRI greatly exceeds NECT in
such resolution, NECT traditionally has been used to assess
the acute stroke patient because of its speed and availability.

Findings on NECT
A significant early CT sign of cerebral ischemia within the
first few hours after symptom onset is loss of gray-white
differentiation, because there is an increase in the relative
water concentration within the ischemic tissues.39–43 This
sign includes loss of distinction among the nuclei of the basal
ganglia and a blending of the densities of the cortex and
underlying white matter in the insula and over the convexi-
ties. The subsequent swelling of the gyri produces sulcal
effacement, which may lead to ventricular compression. The
sooner these signs become evident, the more profound is the
degree of ischemia. However, the ability of observers to
detect these signs on NECT is quite variable, depending on
the size of the infarct, the time between symptom onset and
imaging, and the methodology of the trial itself; the detection
rate appears to be �67% in cases imaged within 3 hours.44–48

In a post hoc analysis of the National Institute of Neurolog-
ical Disorders and Stroke rt-PA Stroke Study, Patel et al49

found 31% sensitivity for these early infarct signs. The rate of
detection increases to 82% at 6 hours, which is outside the
therapeutic window for intravenous rtPA.50 Such detection
may increase with the use of scoring systems such as the
Alberta Stroke Program Early CT Score (ASPECTS),51,52 as
well as with the use of better CT windowing and leveling to
differentiate the normal and abnormal tissues.53

The significance of these early CT signs has been debated.
In the European Cooperative Acute Stroke Studies (ECASS),
patients with large infarcts with early swelling had an
increased incidence of hemorrhage and poor outcome with
the use of rtPA, and so it was considered essential to detect
them.43,50 Conversely, Patel et al49 demonstrated that in the
National Institute of Neurological Disorders and Stroke rt-PA
Stroke Study, such extensive early CT signs of infarction
were associated with stroke severity but not with adverse
outcome after rtPA treatment. They concluded that such early
CT signs should not be used to exclude patients from
receiving thrombolytic treatment within 3 hours.49 However,
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Schellinger et al54 have argued that Patel et al49 did not
evaluate whether the outcome might have been better if rtPA
had not been given to those with such extensive early signs
and that such extensive signs are typically found in patients
presenting in the 3- to 6-hour time window. Thus, the NECT
criteria of Schellinger et al for withholding rtPA in the 0- to
3-hour time window are hemorrhage or definite signs of
ischemia that exceeds one third of the middle cerebral artery
(MCA) territory.54

Another significant CT sign is that of increased density
within the occluded vessel, which represents the thrombus.
When this is the MCA, it is called the hyperdense MCA sign,
and it is seen in one third to one half of all cases of
angiographically proven thrombosis.55,56 Hence, it is an
appropriate indicator of thrombus when present, but its
absence does not exclude thrombus. Attempts have been
made to determine the composition of a thrombus with CT,
which might aid in the decision to use intra-arterial rtPA or
thrombectomy if a hard white clot is present.57 Unfortunately,
the apparent density of a small but occluding thrombus can be
altered by partial volume averaging with adjacent calcium,
cerebrospinal fluid, fatty atheromatous material, and other tis-
sues, and thus, determination of its composition is not accurate.

Findings on MRI
The ability of MRI to detect cerebral ischemia is dependent
on the sequence used, and these sequences have evolved over
time. The most important of these is DWI, based on the
demonstration of restricted diffusion as extracellular water
moves into the intracellular environment during ischemia,
accompanied by swelling of cells and narrowing of the
extracellular spaces. The isotropic DWI map makes abnormal
areas of ischemia readily visible. However, because the
diffusion sequence is T2-based, shine-through of high T2
abnormalities, such as vasogenic edema, may be misinter-
preted. Thus, correlation with the apparent diffusion coeffi-
cient map, which demonstrates restricted diffusion as low
intensity, greatly increases the specificity of the technique.
Alternatively, the calculated isotropic diffusion value of each
pixel on the DWI map may be divided by the T2 value of each
pixel to derive an exponential image that eliminates the T2
shine-through, again greatly increasing specificity for true
restricted diffusion. A series of level A and B studies have
demonstrated convincingly that DWI is significantly better
than FLAIR and T2-weighted MRI, and much better than CT,
for detecting an ischemic focus within 6 hours of ictus.58–61

Gonzalez et al62 demonstrated the very high sensitivity and
specificity of DWI for the diagnosis of acute ischemia using
the final clinical and imaging diagnoses as gold standards.
Barber et al63 demonstrated 100% sensitivity to ischemia with
DWI versus 75% with CT within 6 hours. Because there was
a time delay between the CT and MR studies in that project,
Fiebach et al14 undertook a randomized crossover comparison
of DWI and CT within 6 hours of symptom onset, which
demonstrated a sensitivity/specificity for DWI of 91%/95%
versus 61%/65% for CT. Thus, DWI has emerged as the most
sensitive and specific imaging technique for acute ischemia, far
beyond NECT or any of the other MRI sequences. In addition,

additional MR sequences provide the ability to detect other types
of lesions that may mimic acute ischemic stroke.

There are a few anecdotal papers describing negative DWI
studies when cerebral perfusion is decreased enough to
produce infarction,64,65 as well as the reversal, partial or
complete, of DWI abnormalities with restoration of perfu-
sion.66 Thus, DWI is not a simple indicator of irreversible
infarction but a complex variable that requires more study. In
addition, other conditions can produce restricted diffusion,
such as infection (eg, abscesses, aggressive viral infections)
and other inflammatory conditions (eg, aggressive demyeli-
nation), and certain tumors with either little cytoplasm (eg,
lymphoma, meningioma) or with a complex internal archi-
tecture (epidermoid, some metastases).

The MCA clot sign can be seen on MRI and CT. A direct
comparison of CT and MRI in patients with occlusion of the
proximal MCA found that 54% of patients demonstrated this
sign on CT, whereas 82% of the same patients had a clot
demonstrated on MRI with a GRE sequence.56 Sheikh et al67

have recently presented their data that indicate that CTA is
better than GRE for a proximal arterial thrombus, but GRE is
superior to CTA for a more distal clot. Hyperintensity of an
intravascular thrombus is also seen on the FLAIR sequence.
One group has recently found that the sensitivity for detection
of a thrombus on GRE is actually less than that for FLAIR but
exceeds that of NECT.68 Other, more subtle signs include the
loss of a flow void within a fast-flowing large artery at the
skull base on T2-weighted studies, whereas more peripheral
cortical vessels demonstrate contrast enhancement due to
stasis.69 As with CT, thrombus characterization with MR has
proved difficult because of the small size of the clot and the
relative values of tissue-intensity measurements with MR.70

Findings on CTA-SI
The source images of the brain during CTA acquisition,
which reflect blood volume, make a focus of hypoperfusion
much more detectable than does the NECT. Lev et al20

demonstrated the very close correlation between the size of
the infarct on CTA-SI and that which was demonstrated on
follow-up CT studies. This same study also demonstrated that
those patients with large infarcts (�100 mL, equivalent to
more than one third of the MCA distribution) had signifi-
cantly poorer outcomes after intra-arterial recanalization than
did those with small infarcts as demonstrated with CTA-SI.
CTA/CTA-SI was compared with NECT plus history in 40
patients in a blinded study that demonstrated marked im-
provement in localization of both the infarct and the occluded
vessel(s) with the use of CTA/CTA-SI.71 Direct comparisons
of CTA-SI and DWI have demonstrated the extremely close
sensitivity of the 2 techniques in detecting ischemic regions,
with DWI better at demonstrating smaller infarcts and those
in the brain stem and posterior fossa.72,73 The overall LOE for
CTA-SI is a strong B. Analogous to the improved detection
with CTA-SI, dynamic quantitative CTP has recently been
shown in level B studies (addressed more fully elsewhere
herein) to dramatically increase the sensitivity for detection
of an ischemic focus from 46% to 58% by NECT to 79% to
90% by CTP.74
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Study Acquisition Time
The acquisition time for NECT with a multidetector scanner
is 1 to 2 minutes. The addition of CTA/CTA-SI and dynamic
CTP to NECT recently has been shown to increase the time
of the total examination from 2 to 10 minutes.74 One of the
major arguments against the routine use of MRI for the
evaluation of the acute stroke patient is the time required to
perform the numerous pulsing sequences. Schellinger et al19

have been leaders in demonstrating that a diagnostic exami-
nation that consists of DWI, FLAIR, GRE, MRP, and
intracranial MRA can be performed in 10 minutes, thus
making it competitive with CT, especially if CTA and
CTA-SI are added to equal the diagnostic yield of the MR
examination. To date, there have been no randomized series
to compare these techniques and their time requirements
directly. Although the total time for imaging must include
such things as transferring the patient to the scan table,
positioning the patient, data entry, and the placement of an
intravenous line, both of the studies noted above, 1 of which
used CT and another MR, took into account all of these
variables in acute stroke patients who came to the scanner
with an intravenous line in place. The major problem with
MR as an imaging technique to triage the acute stroke patient
to appropriate therapy is access to the scanner, which is really
a function of the ability of an institution to provide this
resource on an emergency basis. If MRI/MRA is proven to be
indispensable to the diagnosis and triage of the acute stroke
patient, and if reliable therapies are developed, adequate MR
resources will be demanded, and access will improve.

Summary

1. It is important to remember that the US Food and Drug
Administration did not require an NECT scan, only that
ICH be excluded within 45 minutes for performance and
interpretation of any study before the administration of
intravenous tPA. The use of MRI and contrast-enhanced
CT studies (CTA, CTA-SI) is therefore justifiable, but their
acquisition cannot unduly delay the administration of
intravenous tPA within the 3-hour time window (LOE: A).

2. MRI appears to be at least equal in efficacy to CT for
detection of ICH in the hyperacute stroke patient, and both
appear to have very high sensitivity and specificity (LOE:
B). MRI is superior to CT for demonstration of subacute
and chronic hemorrhage and hemorrhagic transformation
of an acute ischemic stroke (LOE: B).

3. The gradient-echo MR sequence can detect microhemorrhage,
both old and new, better than CT, indicating the presence of
amyloid angiopathy, hypertension, small vascular malforma-
tions, and other vascular diseases (LOE: strong B). The
presence of a small number of these microhemorrhages (�5)
does not contraindicate intravenous thrombolysis (LOE: B).

4. DWI is far superior to NECT and other routine MRI
sequences in the detection of acute ischemia, with very
high sensitivity and specificity (LOE: A).

5. CTA-SI appears to be as good as DWI at detecting acute
ischemia, with the exception of small foci and those in the
posterior fossa (LOE: B).

6. NECT is excellent at detecting SAH (LOE: A). Although
the FLAIR sequence is also very effective at such detection

(LOE: C), the lack of randomized trials makes direct
comparison impossible at this time.

7. Both GRE and FLAIR exceed the sensitivity of NECT for
the detection of thrombus within the vasculature in the
acute stroke patient (LOE: B).

8. Within the 3-hour window from the onset of symptoms, the
use of intravenous tPA is the US Food and Drug Admin-
istration–approved therapy. NECT has been used as the
imaging modality to exclude hemorrhage because it is
usually more accessible than MRI. However, the ideal
would be to use the more sensitive and specific imaging
modality, MRI, to detect hemorrhage and ischemic tissue,
if this examination does not unduly delay the administra-
tion of intravenous tPA. Similarly, it would be ideal to
obtain vascular imaging studies such as CTA and MRA if
they do not unduly delay the administration of intravenous
tPA and if an endovascular team is available to potentially
use the data to triage the patient to intra-arterial therapies
(see “Imaging the Cerebral Vasculature”; LOE: B).

Recommendations
1. For a patient within a 3-hour time period from onset of

symptoms, either NECT or MRI is recommended before
intravenous tPA administration to exclude ICH (absolute
contraindication) and to determine whether CT hypodensity
or MRI hyperintensity of ischemia is present. Frank hypoin-
tensity on CT, particularly if it involves more than one third of
an MCA territory, is a strong contraindication to treatment.
Early signs of infarct on CT, regardless of their extent, are not
a contraindication to treatment. (Class I, LOE: A).

2. For a patient within 3 hours of onset of symptoms, there is a
suboptimal detection rate of ischemic changes with NECT
alone, and a more definitive diagnosis will be obtained with
MR-DWI or CTA-SI as detailed below if this does not
unduly delay the administration of intravenous tPA:
a. MR-DWI surpasses NECT and other MR sequences for the

detection of acute ischemia. The MR sequences accompa-
nying DWI are more effective than CT for excluding some
mimics of acute cerebral ischemia, and thus, MRI can be
used if it does not unduly delay the timely administration of
intravenous tPA. (Class IIa, LOE: B).

b. CTA-SI exceeds NECT and may approach DWI for the
detection of large ischemic regions, and although it is less
effective for demonstrating small lesions or those in the
posterior fossa, it is reasonable to use (Class IIa, LOE: B).

c. A vascular study is probably indicated during the initial
imaging evaluation of the acute stroke patient, even if
within 3 hours from ictus, to further determine the
diagnosis of acute stroke, if such a study does not unduly
delay the administration of intravenous tPA and if an
endovascular team is available (see “Imaging the Cere-
bral Vasculature”; Class IIa, LOE: B).

3. For patients beyond 3 hours from onset of symptoms, either
MR-DWI or CTA-SI should be performed along with
vascular imaging and perfusion studies, particularly if
mechanical thrombectomy or intra-arterial thrombolytic
therapy is contemplated (Class I, LOE: A).

4. Although a gradient-echo MR sequence can be useful
during initial evaluation, the presence of MRI-detected
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cerebral microbleeds, in the absence of unenhanced CT-
detected hemorrhage, is not a contraindication to intrave-
nous tPA within 3 hours of stroke onset in patients with a
small number of microbleeds (Class IIa, LOE: B); the risk
in patients with multiple microbleeds (�5) is uncertain
(Class IIb, LOE: B).

5. a. CT is recommended for the detection of SAH (Class I,
LOE: A).

b. However, if MR is being used to image the patient, the
FLAIR sequence can also be used, although there may
be some artifacts at the skull base (Class IIa, LOE: B).

6. The MR GRE and FLAIR sequences can be useful instead of
CT if intravascular thrombus detection is desired without the
use of vascular imaging techniques (Class IIa, LOE: B).

Imaging the Cerebral Vasculature
An important aspect of the workup of patients with stroke,
transient ischemic attack (TIA), or suspected cerebrovascular
disease is the imaging of the extracranial and intracranial
vasculature. The majority of strokes and TIAs are due to
disease in �1 of these vessels. For the acute stroke patient,
vascular imaging greatly improves the localization of the site
of vascular occlusion.71 Given that intravenous thrombolysis
appears more efficacious for distal than for proximal throm-
bus7 and that intra-arterial thrombolysis and mechanical
thrombectomy may be more efficacious for treatment of a
proximal large-vessel occlusion than intravenous
thrombolysis, the detection of the site of the arterial disease
may be crucial to determining the type of acute therapy to
institute. It is also essential to establish as soon as possible the
mechanism of ischemia to prevent subsequent episodes. For
chronic cerebrovascular disease, determination of the vessels
that are diseased is paramount for patient management, which
may require carotid endarterectomy (CEA) or angioplasty and
stenting. These same procedures are occasionally performed in
the acute setting of cerebral ischemia. A variety of imaging
modalities are widely available, relatively safe and reliable, and
each technique has particular strengths and weaknesses. Given
all of these roles for vascular imaging, it is appropriate to
consider them all, even if some are used more frequently for
chronic cerebrovascular disease. The technical aspects and
clinical evidence for each modality will be reviewed, with the
understanding that imagers and clinicians will use their clinical
judgment in each case to provide the best possible care.

Carotid Ultrasound

Introduction and Methods
Ultrasound techniques have been described in numerous
texts. Pulse-wave Doppler ultrasound can identify significant
luminal narrowing based on increased velocity of blood flow
across a stenotic lesion. High-resolution B-mode ultrasound
scanning uses linear-array transducers (7 to 12 MHz) to display
morphological features of the arterial wall. Duplex sonography
combines integrated pulse-wave Doppler spectrum analysis and
B-mode sonography.75 The B-mode image offers information
about morphology in addition to serving as a template for
accurate pulse-wave Doppler velocity measurement.76 Color
Doppler flow imaging based on the direction of flow superim-
poses color-coded blood flow patterns over the B-mode tem-

plate. Power Doppler imaging color-codes blood flow according
to the amplitude of the Doppler signal.77,78 These latter modal-
ities afford greater sensitivity to blood flow detection, which
allows improved detection of near-occlusive stenoses, tortuosity,
and other morphological abnormalities in the arterial wall.79,80

Quantification of Carotid Stenosis
Catheter-based cerebral angiography (digital subtraction an-
giography [DSA]) is the standard against which all noninva-
sive assessments of carotid luminal narrowing are commonly
compared. Although several methodologies have been proposed
for the angiographic quantification of stenosis, the Committee on
Standards for Noninvasive Vascular Testing of the Joint Council
of the Vascular Societies has recommended that percent diam-
eter reduction should be determined relative to the distal unin-
volved internal carotid artery (ICA).81 Doppler measures that
have been correlated with angiographic stenosis include ICA
peak systolic velocity (PSV) and end-diastolic velocity, as well
as ratios of ICA PSV and common carotid artery PSV.82

Using receiver operator characteristic curves to compare
sensitivity, specificity, positive predictive value, and negative
predictive value for criteria to define degrees of stenosis
relevant to clinical management, Faught et al83 concluded that
the combination of a PSV �130 cm/s and an end-diastolic
velocity �100 cm/s defined a stenosis of 70% to 99% (Table
3). Using a similar approach, Moneta et al84 concluded that an
ICA PSV/common carotid artery PSV ratio �4.0 provided
optimal accuracy for the diagnosis of a stenosis of 70% to
99%. A third set of criteria for the same degree of stenosis
were proposed by Carpenter et al85 that indicated that a
combination of PSV �210 cm/s, end-diastolic velocity �70
cm/s, ICA PSV/common carotid artery PSV ratio �3.0, and
ICA end-diastolic velocity/common carotid artery end-dia-
stolic velocity ratio �3.3 was most accurate.

Recent publications demonstrate that Doppler test results
and diagnostic criteria are influenced by several factors, such
as the equipment, the specific laboratory, and the technologist
performing the test.86–88 In addition, factors such as contralat-
eral occlusive disease have been associated with increased
carotid volume flow that results in an overestimation of the
severity of stenosis.89,90 For these reasons, it is recommended
that each laboratory validate its own Doppler criteria for
clinically relevant stenosis.91,92 One such methodology is to
have the vascular laboratory undergo a certification process
by an independent auditing organization such as the Interso-
cietal Commission for Accreditation of Vascular Laboratories
Essentials and Standards for Accreditation in Noninvasive
Vascular Testing. Studies comparing the accuracy of duplex

Table 3. Representative Criteria for the Classification of ICA
Stenosis by Doppler Velocity Criteria

Velocity Criteria, cm/s ICA Stenosis, %

PSV 110 0–29

PSV 111–130 30–49

PSV �130, EDV 100 50–69

PSV �130, EDV �100 70–99

EDV indicates end-diastolic velocity.
Reprinted from Sumner,78 with permission from Elsevier. Copyright Elsevier,

1990.
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ultrasound examinations have noted consistently superior
results from accredited versus nonaccredited laboratories.93

Ultrasound Assessment of Arterial Wall Morphology
Certain atherosclerotic patterns may be associated with a
higher occurrence rate of cerebrovascular thromboembolic
events. Histological analyses of atherosclerotic plaques have
demonstrated that they originate from fatty streaks (type I)
and progress through organized plaques (type IV) to compli-
cated plaques (type VI).94,95 Regional compositional and
architectural changes within the plaque in the form of
hemorrhage, lipid core expansion, lipid core proximity to
flow lumen, and fibrous cap thinning may predispose to
rupture and atheroembolic neurological complications.94–97

Asymptomatic patients harboring carotid plaques with such
features may be at increased risk for developing thromboem-
bolic strokes or TIAs.98–104 Reilly et al105 first noted that echo
patterns in B-mode images of carotid plaques could be related
to tissue composition. They qualitatively defined plaque
echogenicity as the degree of acoustic brightness. Goes and
colleagues106 subsequently proposed that echogenicity of
plaques increased when fibrous tissue or calcium content
increased. Gray-Weale et al107 reported that predominantly
hypoechoic plaques were associated with neurological symp-
toms. Using digital image processing to objectively measure
pixel intensity (brightness) of B-mode ultrasound images,
el-Barghouty et al108 quantified the grayscale intensity of the
entire plaque (grayscale median). Low grayscale median
values may be associated with a higher incidence of neuro-
logical symptoms.108–111 Digital image segmentation proto-
cols have been proposed to accurately detect regional varia-
tions in the composition and architecture of plaques.112

Further development of such image-analysis techniques may
allow identification of tissue signatures of unstable carotid
plaques with a high risk for producing ischemic events.

Accuracy of Carotid Ultrasound and CEA
There is continuing debate about the optimal imaging tech-
nique for determining the severity of carotid artery stenosis.
Imaging modalities such as MRA and CTA are being used
with increasing frequency to determine the degree of carotid
artery stenosis. These techniques are discussed in more detail
below. One study found high concordance rates among CTA,
contrast-enhanced MRA (CE-MRA), and ultrasound for pa-
tients with asymptomatic carotid stenosis.113 Another study
comparing ultrasound with DSA for severe carotid artery
stenosis found a sensitivity of 87.5% and a specificity of
76%.114 When ultrasound is compared with DSA, the sensi-
tivity for detecting surgical lesions has been as low as 65%,
with specificities of 95%.115 Other studies report sensitivities
of 83% to 86% and specificities of 87% to 99% for detecting
lesions with �70% stenosis.116,117 One meta-analysis found
that in most reports, all of the ultrasound studies had
sensitivities of �80% and specificities of �90%.118 Other
studies comparing ultrasound and MRA to DSA for evalua-
tion of patients for possible CEA found that ultrasound alone
would have misassigned 28% of patients to the surgical
group, whereas ultrasound combined with CE-MRA reduced
the misassignment rate to 17%.119,120 However, even a mis-
classification rate of only 15% means that almost 1 of every

6 patients evaluated may undergo an unneeded operation or
may not have a needed surgery.

In summary, although carotid ultrasound/Doppler imaging is
a safe and inexpensive technique, its sensitivity and specificity
appear less than that of other modalities (overall LOE: A). In
addition, carotid ultrasound only images a small region of the
carotid and vertebral arteries in the neck. Although level A
evidence indicates that it remains useful as a screening tool, level
B studies indicate that carotid ultrasound should not be used as
the sole methodology for the definitive diagnosis of carotid or
vertebral artery disease (Class I recommendation; see below).

Transcranial Doppler
Transcranial Doppler (TCD) uses energy of 2 to 4 MHz to
insonate cerebral vessels, typically through several bony
windows in the skull. This technique can detect intracranial
flow velocities, the direction of flow, vessel occlusion, the
presence of emboli, and vascular reactivity. The arteries best
evaluated are those at the base of the brain (MCA, anterior
cerebral artery, carotid siphon, vertebral artery, and basilar
artery) and the ophthalmic artery. The primary applications of
TCD are to detect and quantify intracranial vessel stenosis,
occlusion, collateral flow, embolic events, and cerebral va-
sospasm (particularly after SAH).121,122 TCD is also useful for
monitoring patients with sickle cell disease who might benefit
from transfusion therapy.123,124

For the detection of intracranial stenoses in the anterior
circulation, the sensitivity and specificity of TCD range from
70% to 90% and from 90% to 95%, respectively.125–129 These
numbers are slightly reduced when vessels in the posterior
circulation are studied (Table 4). In these studies, cerebral
angiography was generally used as the comparator. TCD was
equally effective for the detection of MCA occlusion (Table
5). The ability of TCD to detect occlusion of the ICA,
vertebral artery, or basilar artery was somewhat less, with
sensitivities in the 55% to 80% range and specificities up to
95%.125,130,131 These results can be improved with the use of
contrast material such as saline with bubbles.132–134 A number
of underlying conditions, such as carotid stenosis, prosthetic
heart valves, atrial fibrillation, patent foramen ovale, plaque
in the aortic arch, and cardiopulmonary bypass, have been
associated with the occurrence of microembolic signals in the
cerebral circulation. TCD is capable of detecting microem-

Table 4. Accuracy of Transcranial Doppler for Various Types
of Cerebrovascular Disease

Indication Sensitivity, % Specificity, % Comparator

Intracranial stenotic/
occlusive disease

Anterior circulation 70–90 90–95 DSA

Posterior circulation 50–80 80–96 DSA

Vasospasm after SAH

MCA 39–94 70–100 DSA

ACA 13–71 65–100 DSA

Posterior circulation 44–100 42–88 DSA

ACA indicates anterior cerebral artery.
Adapted from Nederkoorn et al,114 with permission from Lippincott Williams

& Wilkins. Copyright 2002, American Heart Association.
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bolic signals in such cases, thereby giving an indication of the
relative risk of the underlying condition. The typical TCD finding is
a high-intensity transient signal, which is due to the reflective
differences between the flowing blood and the embolic materi-
al.135,136 Some studies have shown an association between increased
microembolic signals/high-intensity transient signals during CEA
and new brain ischemic lesions postoperatively.137–141

Cerebral vasospasm is a common and deadly complication
after an SAH. TCD is a useful and noninvasive technique for
serial assessment of the development of vasospasm after
SAH.142,143 Flow velocities �200 cm/s, elevated Lindegaard
ratios, and a rapid increase in flow velocities all predict a high
likelihood of vasospasm.143,144 The sensitivity and specificity
of TCD for the diagnosis of vasospasm vary depending on the
vessel being evaluated. The highest detection rates are in the
MCA, with sensitivities of up to 90% and specificities
ranging from 90% to 100%. Detection of vasospasm in the
posterior circulation is less reliable (Table 4).125,145,146

TCD has been used to monitor the response of cerebral vessels
to thrombolytic therapy, as well as to augment such therapy using
ultrasonic energy to enhance clot lysis.147–149 In general, recana-
lization and restoration of flow are associated with improved
neurological outcomes.150,151 A recent study reported enhanced
clot lysis and improved neurological outcomes when TCD
was combined with intravenous tPA therapy.152

Sickle cell disease is associated with an increased risk of
ischemic stroke in children. TCD has been shown to be ex-
tremely useful in monitoring velocities in the intracranial ICA
and MCA, where mean maximum velocities of �200 cm/s are
associated with an increased risk of ischemic stroke.123,153–156

In summary, TCD is a safe and noninvasive technique for
imaging the intracranial vasculature for some types of cere-
brovascular disease, particularly vasospasm and sickle cell
disease (LOE: A). Its accuracy is less than that of CTA and
MRA for steno-occlusive disease (LOE: A). It is also used for
the detection of emboli from a variety of sources. Its usefulness
is limited in patients with poor bony windows, and its overall
accuracy is dependent on the experience of the technician and
interpreter, as well as the patient’s vascular anatomy.

Magnetic Resonance Angiography

Introduction and Methods
MRA is performed in combination with brain MRI in the
setting of acute stroke to guide therapeutic decision making.19

There are several different MRA techniques that are used for

imaging cerebral vessels. They include 2-dimensional time-
of-flight (TOF), 3-dimensional TOF, multiple overlapping
thin-slab acquisition (MOTSA), and CE-MRA. A review of
the technical aspects of each of these techniques can be found
in prior statements and publications.157

Accuracy of MRA
A key clinical issue is the comparative sensitivity and
specificity of MRA compared with conventional angiography
or carotid ultrasound in the detection of high-grade athero-
sclerotic or atherothrombotic lesions in the neck and head.
MRA is also helpful for detecting other, less common causes
of ischemic stroke or TIAs, such as arterial dissection,
fibromuscular dysplasia, venous thrombosis, and some cases
of vasculitis.158 For hemorrhagic stroke, MRA may be used to
detect intracranial aneurysms and arteriovenous malforma-
tions. These are reviewed in more detail below.

A review of prospective studies of nonenhanced MRA
used for the detection of extracranial carotid disease (thresh-
old stenosis typically 70%) showed a mean sensitivity of 93%
and a mean specificity of 88% with 2-dimensional or
3-dimensional TOF sequences.157 MRA with gadolinium
contrast is rapidly replacing TOF techniques for detecting
extracranial carotid stenosis. Recent studies of CE-MRA
compared with DSA (with or without carotid ultrasound)
have shown specificities and sensitivities of 86% to 97% and
62% to 91%, respectively (Table 5).159–165 The general
consensus is that CE-MRA provides more accurate imaging
of extracranial vessel morphology and the degree of stenosis
than nonenhanced TOF techniques (LOE: A). CE-MRA is
now being performed routinely in some centers to detect
arterial occlusive disease, sometimes in the setting of acute
ischemic stroke (overall LOE: A).158,166–169 However, other
authors have questioned whether enhanced TOF really offers
more than unenhanced imaging to detect stenoses �70%.170

Intracranial MRA with nonenhanced TOF techniques has a
sensitivity that ranges from 60% to 85% for stenoses and
from 80% to 90% for occlusions compared with CTA and/or
DSA (sensitivity�100%).171 Some studies172 have reported
sensitivities and specificities of 90% or more for MRA in
detecting stenoses �50% (LOE: B). The diagnostic sensitiv-
ity and specificity of intracranial CE-MRA compared with
TOF techniques and DSA for intracranial atherosclerotic
disease are under active investigation in the Stroke Outcomes
and Neuroimaging of Intracranial Atherosclerosis (SONIA)

Table 5. Sensitivity and Specificity of Contrast-Enhanced MRA Versus DSA for Patients With
Extracranial Carotid Stenosis

Reference Comparator Sensitivity, % Specificity, % Threshold Stenosis Comment

148 DSA 90 77 Unclear PCC�0.94

149 DSA 94 ?? 70%

150 DSA 86 91 Surgically significant SCC�0.90

151 DSA 97 82 Degree of stenosis ��0.87

109 DSA 92 62 Need for CEA ��0.72

152 DSA 93 85 70%

153 DSA�U/S 94 85 70%

154 DSA 90–99 90–99 Surgically significant Meta-analysis

PCC indicates Pearson correlation coefficient; SCC, Spearman correlation coefficient; and U/S, ultrasound.
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study, which is a currently unpublished substudy of the
recently stopped Warfarin versus Aspirin for Intracranial
Disease (WASID) trial.173

MRA is also used for the diagnosis and serial imaging of
cerebral aneurysms, particularly the 3-dimensional TOF tech-
nique. Although not a cause of acute cerebral ischemia, and
although the clinical presentation of a ruptured aneurysm is
usually different from that of acute ischemic stroke, the ability of
the various MRA techniques to demonstrate an aneurysm is a
reflection of their spatial resolution. In general, MRA can
reliably detect up to 90% of intracranial aneurysms.174 Specifi-
cally, MRA can detect up to 99% of aneurysms �3 mm; this
declines to 38% sensitivity for those �3 mm.174

Craniocervical arterial dissections of the carotid and ver-
tebral arteries can often be detected with MRA.175–178 CE-
MRA may improve the detection of arterial dissections,158

although there are few large, prospective studies to prove its
accuracy versus catheter angiography. Nonenhanced T1-
weighted MRI with fat-saturation techniques frequently can
depict a subacute hematoma within the wall of an artery, which
is highly suggestive of a recent dissection.179,180 However, an acute
intramural hematoma may not be well visualized on fat-saturated
T1-weighted MRI until the blood is metabolized to methemoglobin,
which may not occur until a few days after ictus.

Overall, CE-MRA has greater sensitivity and specificity
than Doppler ultrasound for detecting most types of extracra-
nial cerebrovascular lesions (overall LOE: A). It can also
noninvasively detect most significant intracranial vaso-
occlusive lesions (LOE: B). CE-MRA is useful for detecting
intracranial aneurysms (LOE: A) and extracranial arterial
dissections (LOE: B); however, it cannot be used in patients
with pacemakers, some metallic implants, and those with
allergies to MR contrast agents, and its use is limited in
patients with severe claustrophobia.

CT Angiography

Introduction and Methods
The evolution of CT scanners over the past decade from a
single row of detectors to multidetector imaging (4, tran-
siently 8, then 16, and now 64 rows of detectors), which
results in an ever-increasing speed of acquisition and spatial
resolution, is likely the single most important factor account-
ing for the differences in performance of this technique
among published studies.181–183 A number of authors have
addressed the appropriate scanning parameters to optimize
the technique.184–186 In general, CTA has twice the spatial
resolution of MRA but only half that of DSA.187 However, as
the number of rows of detectors increases, assuming the use
of x-ray tube focal spot sizes of �0.5 mm, the spatial
resolution of CTA will continue to approach that of
DSA.183,187–189 The postprocessing time of CTA images is
similar to that of MRA. Because both CTA and MRA produce
static images of vascular anatomy, both techniques suffer rela-
tive to DSA for the demonstration of flow rates and direction and
collateral input into tissues at risk for hypoperfusion.

Accuracy of CTA
CTA is commonly used for the evaluation of extracranial
carotid artery stenosis. A large meta-analysis found it to have
a sensitivity �80% and specificity �90% for detecting

significant lesions compared with DSA.118 One study found
CTA to have equal sensitivity and specificity (100%) com-
pared with DSA for diagnosing severe carotid stenosis.190

Another study found that CTA had a sensitivity of 89%,
specificity of 91%, and accuracy of 90% compared with DSA
for diagnosing carotid lesions of �50% stenosis.191 A study
by Berg et al192 found that CTA was comparable to DSA for
diagnosing significant carotid disease. Leclerc et al193 com-
pared CTA with DSA and found that CTA correctly deter-
mined the degree of stenosis in 88% to 90% of cases with
carotid stenosis. The differentiation of a very-high-grade steno-
sis (string sign) from a total occlusion is of importance, because
a vessel with a high-grade stenosis can be opened with either
surgery or angioplasty plus stenting, whereas a total occlusion,
unless hyperacute, cannot. CTA has been found to be highly
accurate for detecting such a lumen, although not always as good
as DSA.194 However, in some cases, CTA was more accurate
than DSA for determining the degree of carotid stenosis,
especially the very-high-grade type.195 CTA is clearly superior
to carotid ultrasound for differentiating a carotid occlusion from
a very-high-grade stenosis.196 In terms of identifying plaque
morphology, CTA has only 60% sensitivity for detecting signif-
icant plaque ulcerations.197

Several studies have found CTA to be very reliable for the
detection of intracranial occlusions, with sensitivities ranging
between 92% and 100%, specificity ranging between 82%
and 100%, and a positive predictive value of 91% to
100%.20,21,172,198 Specifically for the acute stroke patient, Lev
et al20 have demonstrated that the accuracy of CTA for
defining the acute intra-arterial thrombus is close to that of
DSA. The published sensitivities of CTA for intracranial
stenoses are slightly lower than those for occlusion, ranging
between 78% and 100%, with specificities of 82% to 100%
and a positive predictive value of 93%.20,171,172,198

CTA is superior to TCD in the detection of stenoses and
occlusions. Suwanwela et al199 and Graf et al200 performed
prospective studies of 70 and 103 patients, respectively, and
found CTA to be clearly superior to TCD for the detection of
intracranial stenotic or occlusive disease, with a high false-
negative rate for Doppler ultrasound.199 Suwanwela et al199

found that CTA was able to detect MCA stenosis in 81% of
patients compared with only 41% studied by TCD, whereas
distal M1 or M2 disease was detected in 53% of patients with
CTA versus 24% of patients with TCD.

Recent literature suggests that CTA not only has sensitivity
and specificity for the detection of intracranial stenosis and
occlusion that are nearly equal to DSA in the anterior
circulation, but it also has a higher sensitivity and positive
predictive value than 3-dimensional TOF MRA for both
intracranial stenosis and occlusion, including the petrous and
cavernous segments of the ICA. CTA appears superior to
3-dimensional TOF MRA, with a higher sensitivity and
positive predictive value than MRA for both intracranial
stenosis (MRA�70% and 65%) and occlusion (MRA�87%
and 59%).171 Some studies suggest that CTA may be more
accurate than MRA for the detection of stenoses in the
posterior circulation when slow flow states are present.195 In
addition, Bash et al,171 using unblinded consensus readings,
found 7 (6%) of 115 false-positive occlusions for DSA in the
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posterior circulation arteries and noted that CTA was superior
to both MRA and DSA in the detection of posterior circula-
tion stenoses when slow or balanced flow states were present.
Hirai et al172 reported a 13% false-positive rate for occlusion
when heavy atheromatous calcifications were present. Skutta
et al198 found that CTA was least accurate for stenosis
quantification when extensive atheromatous calcifications
were present. In contrast, Bash et al171 noted the sensitivity
and specificity of CTA for stenosis quantification were not
compromised by the presence of atheromatous calcifications
when appropriate window and level adjustments were made
to account for the blooming artifacts that are frequently
associated with heavy calcific plaque. The study by Bash et
al171 suggests that it may be beneficial to perform low-pitch
or delayed CTA whenever DSA shows a posterior circulation
vessel to be occluded. They postulated that this advantage of
CTA over DSA was due to the longer scan times necessary to
perform the CTA study, which allowed for an estimated 9 to 12
intracranial circulation times per CTA (when single-detector
systems were in use) as opposed to the single intracranial
circulation time (5 to 7 seconds) encountered during routine
DSA. This additional scan time allows more contrast to pass
through a critical stenosis to opacify the artery distally.

Recent studies show that CTA may be as sensitive and
specific as DSA for the detection and characterization of
intracranial aneurysms.201 Most recent studies comparing
CTA and DSA have reported sensitivities and specificities for
CTA of �90% to 95% for the detection of aneurysms.202–206

In some cases, a CTA can detect an aneurysm missed by
DSA.207,208 This ability to detect aneurysms almost as well as
or even better than DSA demonstrates the significantly
greater spatial resolution of CTA over MRA.

In summary, the available data support the fact that CTA is
a safe and accurate technique for imaging most extracranial
and intracranial vessels for stenoses/occlusions (LOE: A) and
for the detection of many intracranial aneurysms (LOE: A). In
general, the accuracy of CTA is equal to or superior to that of
MRA in most circumstances, and in some cases, its overall
accuracy approaches or exceeds that of DSA (LOE: A). New
CT scanners with even more detectors may further enhance
the accuracy of this technique in the future. Because CTA
requires the use of substantial amounts of intravenous con-
trast material, its application may be limited in patients with
contrast allergies and renal dysfunction.

Cerebral Angiography
DSA remains the gold standard for the detection of many
types of cerebrovascular lesions and diseases. Indeed, many
of the studies cited above used DSA as the comparator for
other imaging modalities. Excellent reviews by Barr and by
Culebras et al have summarized many of the technical and
clinical issues related to DSA.209,210 For most types of
cerebrovascular disease, the resolution, sensitivity, and spec-
ificity of DSA equal or exceed that of the noninvasive tech-
niques.209–214 This is true for many cases of arterial narrowing,
dissection, small arteriovenous malformations, vasculopathies/
vasculitides, and determination of collateral flow patterns. One
exception is intracranial aneurysms, in which case CTA is equal
to or better than DSA for large aneurysms and may in some

cases detect small aneurysms missed by DSA, because of its
multiprojectional capabilities.201–208

DSA is an invasive test and can cause serious complications
such as stroke and death. Most large series have reported
permanent deficits or death in �1% of DSA procedures.215,216

The largest series of cases to date reported permanent neurolog-
ical deficit or death in �0.2%.217 The use of DSA in patients
with a contrast allergy or renal dysfunction is complicated, but
DSA can be used with proper medical precautions.

Importance of Vascular Imaging in the Acute
Stroke Patient
Progress in the treatment of the acute stroke patient has been
very slow, and it is apparent that the use of a simple NECT
scan of the brain is insufficient to properly select the best
patients for treatment.4,5 For example, patients with the
hyperdense MCA sign, which is indicative of a hard thrombus
within the MCA, do not respond well to intravenous tPA and
may respond better to intra-arterial therapy.52,218–220 A similar
poor response to the drug and poor outcomes have been found
when a proximal occlusion is seen on TCD221 or CTA.222 The
recent randomized trial of intra-arterial urokinase from Japan
(MELT: MCA Embolism Local Fibrinolytic Intervention
Trial) demonstrated that the outcome after intra-arterial ther-
apy was influenced by the location of the thrombus.223,224 A
retrospective comparison of intravenous versus intra-arterial
tPA in patients with the hyperdense MCA sign demonstrated
an improvement in outcome when the intra-arterial technique
was used, even though it was started later in most cases (�3
hours for the intravenous group versus �6 hours for the
intra-arterial group).220 Thus, there is very strong justification
for vascular imaging of the acute stroke patient at the time of
the initial brain imaging study, to triage the patient to the best
therapy and to determine prognosis, even if that patient
presents within the 3-hour window. This has been the routine
practice at a number of institutions, such as the Sims group,
for years.222 The Acute Stroke Imaging Research Group has
made such a recommendation,24 as has the American College
of Chest Physicians.225 However, such a practice, especially in
the �3-hour window, requires that there be no undue delay in
the administration of intravenous tPA, if that is the therapy of
choice, and that there be an endovascular team at the institution
to undertake intra-arterial therapy, if that is selected.

Summary

Extracranial Vascular Evaluation
1. It is important to evaluate the extracranial vasculature soon

after the onset of acute cerebral ischemia to aid in the
determination of the mechanism of the stroke, and thus
potentially prevent a recurrence. In addition, CEA or
angioplasty/stenting is occasionally performed acutely,
which requires appropriate imaging (LOE: B).

2. The major extracranial cerebral vessels can be imaged by
several noninvasive techniques such as ultrasound, CE-
MRA, CTA, and DSA. Although each technique has
certain advantages in specific clinical situations, the non-
invasive techniques show general agreement with DSA in
85% to 90% of cases (overall LOE: A).
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3. Carotid ultrasound is a good screening technique for imaging
the carotid bifurcation and measuring blood velocities, but it
has limited ability to image the extracranial vasculature proximal
or distal to the bifurcation (LOE: A). The use of carotid
ultrasound as the sole test may lead to erroneous determination of
the degree of stenosis, which may have implications in terms of
medical and surgical therapy (LOE: A). The addition of CE-
MRA to the ultrasound evaluation still results in a misassignment
to the surgical group in 17% of cases (LOE: B).

4. CE-MRA and CTA appear to be more sensitive and specific,
and more accurate, than Doppler ultrasound alone for imaging
the extracranial vasculature (LOE: A).

5. DSA remains the optimal technique for imaging the cerebral
vasculature, particularly when making decisions about inva-
sive therapies (LOE: A). In addition to providing specific
information about a vascular lesion, DSA can provide valu-
able information about collateral flow, perfusion status, and
other occult vascular lesions that may affect patient manage-
ment. However, DSA is associated with a risk, albeit small
(�1%), of serious complications such as stroke or death.

Intracranial Vascular Evaluation

1. Imaging of the intracranial circulation in the patient with
acute ischemia in the 3-hour window after ictus is ex-
tremely important and may aid in the decision to admin-
ister a thrombolytic agent intravenously or have the patient
undergo intra-arterial thrombolysis with or without me-
chanical thrombolysis (LOE: B). However, such imaging
cannot unduly delay the administration of the intravenous
thrombolytic agent, if that is the therapy of choice. In
addition, such early imaging presupposes that an endovas-
cular team is available to initiate intra-arterial therapy.

2. Vascular imaging of the acute stroke patient who is seen �3
hours after ictus is an absolute necessity if intra-arterial
therapy is contemplated, to determine whether a thrombus
amenable to such therapy is present (LOE: A).

3. Imaging of the acute stroke patient can be accomplished
quickly and noninvasively with CTA and MRA. For
occlusions of the major vessels at the skull base, these
modalities are almost as accurate as DSA (LOE: A).

4. Imaging of chronic stenoses and occlusions can best be
accomplished by CE-MRA, CTA, and DSA. CTA and
DSA have a higher accuracy in determining the degree of
stenosis, with DSA being superior to CTA (LOE: A).

5. Imaging of the intracranial vessels for aneurysms can best be
accomplished by CE-MRA, CTA, or DSA. CTA and DSA
have a higher accuracy rate than MRA (LOE: A).

6. TCD is useful for monitoring the development of vaso-
spasm in large vessels at the base of the brain (LOE: A)
and for determining major occlusive disease in those
arteries, although CTA, MRA, and DSA are more accurate
for occlusive/stenotic lesions (LOE: A). TCD is also
useful for monitoring large brain vessels in patients with
sickle cell disease (LOE: A).

7. DSA is still the optimal technique for imaging most types
of intracranial vascular lesions, as well as determining
patterns of collateral flow (LOE: A).

Recommendations
I. Intracranial Vascular Evaluation

A. Circle of Willis

1. Acute large-vessel intracranial thrombus is very ac-
curately detected by CTA, DSA, and MRA. Each of
these modalities far surpasses the sensitivity of nonvas-
cular studies such as NECT, FLAIR, or gradient-echo
MRI, and they are all recommended (Class I, LOE: A).

2. A vascular study is probably indicated during the
initial imaging evaluation of the acute stroke patient
within 3 hours of ictus, if such an evaluation does not
unduly delay the administration of intravenous tPA,
and only if an endovascular team is available to
undertake intra-arterial therapy if that is contemplated
on the basis of the findings (Class IIa, LOE: B).

3. A vascular study is strongly recommended during
the initial imaging evaluation of the acute stroke
patient who presents �3 hours after ictus, espe-
cially if either intra-arterial thrombolysis or me-
chanical thrombectomy is contemplated for man-
agement (Class I, LOE: A).

4. For the detection of vascular stenoses and aneu-
rysms, CTA and DSA are recommended (Class I,
LOE: A), whereas MRA is less accurate but can be
useful (Class IIa, LOE: A).

5. Although TCD can be used as a noninvasive tech-
nique to detect vasospasm or stenoses due to sickle
cell and other arterial diseases (Class IIa, LOE: A),
CTA and DSA are more accurate in determining the
degree of stenosis and should be used for definitive
diagnosis (Class I, LOE: A). MRA is less accurate for
such assessment than CTA and DSA but can be
useful (Class IIa, LOE: A).

B. Distal intracranial vessels

For the demonstration of more distal acute branch occlusions,
or for evaluation of subacute to chronic stenoses, vasospasm,
and vasculitis, DSA surpasses CTA and MRA and should be
used (Class I, LOE: A).

II. Extracranial Vascular Evaluation
A. Evaluation of the extracranial vasculature by ultra-

sound alone should not be done for assessment of
occlusive disease if surgical (CEA) or endovascular
(arterial angioplasty and stenting) therapy is contem-
plated (Class III, LOE: A).

B. For evaluation of the degree of stenosis and for
determination of patient eligibility for CEA or carotid
angioplasty and stenting:
1. DSA is the recommended imaging modality to deter-

mine the degree of stenosis (Class I, LOE: A).
2. Two noninvasive techniques (among ultrasound,

CTA, and MRA) can be used, although with less
accuracy with regard to the degree of stenosis than
DSA alone, which thus may increase the chance of
inappropriate therapy (Class IIa, LOE: B).

C. Although CTA (in the absence of heavy calcifications)
and MRA are highly accurate for detecting dissection
(CTA likely greater than MRA), DSA remains the
gold standard and should be used for definitive diag-
nosis (Class I, LOE: A).

3656 Stroke November 2009

 by on November 18, 2009 stroke.ahajournals.orgDownloaded from 

http://stroke.ahajournals.org


D. A very-high-grade stenosis (string sign) is most accu-
rately detected by DSA, followed closely by CTA.
Either can be useful (Class IIa, LOE: B).

Imaging of Cerebral Perfusion
Prior publications have both compared the technical aspects
of various brain perfusion imaging techniques226 and offered
guidelines and recommendations for their clinical application
in the evaluation of cerebral ischemia.227 In this section, we
survey and expand on those guidelines in the context of
current clinical practice and therapeutic trials, using more
recently developed definitions for LOEs (Table 1) and
strength of recommendations (Table 2). We focus on a time
window greater than 3 hours after ictus, because there is an
approved therapy for use within the first 3 hours after an acute
ischemic stroke (intravenous tPA) that requires only a plain
CT scan, although the use of other parenchymal and vascular
imaging tests has also been suggested for a more definitive
diagnosis, as needed. However, the potential use of intra-arterial
thrombolysis or mechanical thrombectomy after 3 hours requires
more sophisticated imaging to select the proper patient popula-
tion to treat with an acceptable risk-benefit ratio.

Possible Roles for Perfusion Imaging of
Acute Stroke
Potential utility for perfusion imaging in acute stroke includes
the following: (1) Identification of brain regions with ex-
tremely low cerebral blood flow (CBF), which represent the
core (tissue likely to be irreversibly infarcted despite reper-
fusion) that is at increased risk of hemorrhage with
thrombolysis; (2) identification of patients with at-risk brain
regions (analogous to the physiological penumbra, the acutely
ischemic but viable tissue at risk for infarction in the absence
of reperfusion) that may be salvageable with successful
intra-arterial thrombolysis beyond the standard 3-hour win-
dow for intravenous drug administration; (3) triage of patients
with at-risk brain regions to other available therapies, such as
induced hypertension or mechanical clot retrieval; (4) dispo-
sition decisions regarding intensive monitoring of patients
with large abnormally perfused brain regions; and (5) biolog-
ically based management of patients who awaken with a
stroke for which the precise time of onset is unknown.228

Perfusion imaging may additionally be of value in clinical
trial enrollment. Promising neuroprotective agents in animal
models have performed poorly in humans to date.229 However,
there is a growing literature positing that ischemic, potentially
salvageable penumbral tissue is an ideal target for neuroprotec-
tive agents, which requires proper patient selection.230–232

The potential value of perfusion imaging in determining
patient management was well illustrated in the recently
published DIAS (Desmoteplase in Acute Ischemic Stroke–
phase II) trial. In that study, which used the degree of MR
diffusion/perfusion mismatch as an entry criterion to receive
an intravenously administered thrombolytic compound based
on vampire bat venom, a highly significant difference in good
outcome was demonstrated between treated and untreated
patients up to 9 hours postictus with a sample size in the tens
of patients (LOE: B).8 By contrast, in the original trial
(National Institute of Neurological Disorders and Stroke

rt-PA Stroke Study), hundreds of patients were required to
demonstrate a smaller benefit of treatment with a 3-hour time
window.2 Although this difference may reflect the inherent
efficacy of the drug, it may just as well demonstrate the effect
of proper patient selection with sophisticated imaging. Fur-
ther trials will be necessary to separate these 2 variables.

Additional level B evidence for the beneficial role of
mismatch in extending the time window for intravenous
thrombolysis beyond 3 hours was published recently with
both the DEDAS (Dose Escalation of Desmoteplase for
Acute Ischemic Stroke) trial233 and the German Multicenter
Study.234 As the results of other similar in-progress, prospec-
tive, randomized trials become available, including the
Echoplanar Imaging Thrombolysis Evaluation Trial (EPI-
THET), DWI Evolution For Understanding Stroke Etiology
(DEFUSE), MR and Recanalization of Stroke Clots Using
Embolectomy (MR RESCUE), and DIAS phase III, the
indications for perfusion imaging of the acute stroke patient,
whether with MRI or CT, will likely continue to increase.
Indeed, the results of the 7-center DEFUSE study suggest that
intravenous tPA can be administered safely and effectively up to
6 hours after stroke onset when MR diffusion/perfusion mis-
match is present.235

Determining the Penumbra and the Core
The anatomic estimate of the penumbra is clearly dependent
on the modality with which it is measured232,235,236 and how
rigorously it is defined. Thus, the penumbra determined by
flumazenil positron emission tomography (PET) is unlikely
to correspond with that determined by DWI/MRP mis-
match.237,238 Even within a given modality, different param-
eters will lead to different estimates of the penumbra. For
example, multiple studies have found that CBF abnormalities
are more useful than mean transit time (MTT) measurements
in distinguishing different portions of the penumbra that live
or die. This is consistent with the fact that MTT is a measure
of circulatory dysfunction. All levels of decreased perfusion
do not cause ischemia, because ischemia is the metabolic
consequence of the decreased delivery of energy-producing
metabolites relative to local metabolic demand.15,239–242 An-
imal studies have demonstrated that specific thresholds of
decreased CBF are predictive of tissue outcome in stroke. The
identification of these thresholds in patients is essential to
operationally define the penumbra.243 With MRI, the pres-
ence of a larger perfusion abnormality than the DWI lesion is
a qualitative marker for potential infarct expansion, although
as currently used, it is not a predictor of how much expansion
actually occurs.244 However, the difficulty in truly quantify-
ing MRP severely restricts its ability to define thresholds that
accurately differentiate the core from the penumbra within
the zone of abnormally perfused tissue. MRP remains ex-
tremely sensitive in identifying regions of abnormal perfu-
sion, which makes it useful as a triage technique for patient
management, but its specificity in accurately predicting tissue
outcome is poor, and in most cases, but not all, MRP
overestimates the final infarct volume (FIV).245–247 Thus, a
number of recent publications have highlighted the need for
quantitative determination of the penumbra to predict infarct
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growth,248–250 which may require techniques other than MRP
to achieve, as will be discussed.

Some centers rely on the qualitative mismatch between the
apparent core and the penumbra for management decisions
beyond the 3-hour, and especially the 6-hour, time windows
for thrombolysis.16 Although phase II of the DIAS trial was
encouraging, the mismatch concept has yet to be validated in
large clinical trials providing level A evidence. Indeed, while
awaiting the results of trials such as EPITHET and DIAS-
phase III, which were designed to assess the role of core/
penumbra mismatch in extending the time window for intra-
venous thrombolysis, some authors have already cautiously
proposed the use of either advanced MR or CT for making
treatment decisions in patients not in a clinical trial.55,251

These authors point to the growing evidence of a relevant
volume of salvageable tissue present in the 3- to 6-hour time
frame in �80% of stroke patients.252,253 In fact, salvageable
tissue may be present so commonly in patients �3 hours
postictus that the value of perfusion imaging may be minimal at
these early time points.252,253 Numerous authors have suggested
that MR perfusion/diffusion mismatch is present in at least 50%
of patients up to 24 hours after stroke onset.254–256

The goal is to determine whether perfusion technology in
general provides information that aids in patient management
decisions and improves patient outcomes. If so, will this be a
qualitative or a quantitative approach? There are a number of
perfusion technologies, and it must be determined which
modality provides the essential information most consistently
and accurately. A systematic evaluation of the literature
regarding these modalities is presented.

Techniques of Perfusion Imaging
There are 2 major groups of perfusion methodologies. The
older group includes those that use a diffusible tracer,
whereas the newer group includes those that use an injected
contrast agent that, assuming no break in the blood-brain
barrier, is a nondiffusible tracer. The former group is exem-
plified by single-photon emission CT (SPECT) and xenon-
enhanced CT (XeCT) scanning, whereas CTP and MRP are
examples of the latter group.

Single-Photon Emission CT

Rationale of Technique
SPECT imaging utilizes an intravenously injected radioiso-
tope, typically technitium-99m (99mTc), attached to some
delivery compound capable of traversing the intact blood–
brain barrier and being metabolized by neurons and glia. The
radiolabeled compounds are taken up during first passage in
proportion to CBF at the time of passage.257 Imaging is
performed during the next few hours after injection.

Method of Performance
The delivery compounds to which the radioisotope, 99mTc, is
attached are hexamethylpropyleneamine oxime (HMPAO) or
ethyl cysteinate dimer (ECD). 99mTc and HMPAO may be
combined in-house with commercially available kits in ap-
proximately 20 to 30 minutes.258

After injection, the compound circulates to and localizes
within the brain tissues within 1 minute. Scanning of the brain
is performed within a few hours of injection257 with 2- or

3-headed SPECT imaging systems. Data acquisition begins 5
to 10 minutes after injection and is completed in approxi-
mately 5 minutes. Image reconstruction is performed with
standard filtered back-projection techniques.

Quantification, Accuracy, and Reliability
Even though absolute quantification is possible, semiquanti-
tative techniques are usually performed by comparing counts
of radioactivity in a specific region with counts in a compa-
rable, usually homologous region of the opposite normal
hemisphere or in a control area, such as the cerebellum. The
assumption that the CBF in the opposite, unaffected hemi-
sphere is normal may be incorrect, particularly in patients
with chronic cerebrovascular disease or vasospasm. In addi-
tion, in the setting of acute stroke, there may be alterations of
CBF in distant territories in the ischemic and nonischemic
hemispheres that can produce errors in the calculation of such
ratios.259,260 The accuracy and reliability of SPECT CBF have
been evaluated through comparisons with other techniques.
The relative CBF (rCBF) measured by ECD-SPECT is
linearly related to the rCBF measured with perfusion MRI,
which in turn is linearly related to absolute CBF as measured
by PET. The volumes of hypoperfused brain measured by
HMPAO-SPECT correlated significantly with volumes dem-
onstrated by perfusion MRI (LOE: B).261–263

Compared with MR and CT, SPECT is a relatively low-
resolution technique. Because of high radioactivity counts,
large amounts of data can be acquired rapidly, which makes
SPECT relatively insensitive to minor head motion.

Applications in Acute Stroke

Patients With No Thrombolytic Treatment
A number of studies have documented the ability of
HMPAO-99mTc SPECT imaging to demonstrate hypoperfu-
sion associated with acute stroke symptoms.262–280 The sen-
sitivity of this technique to perfusion abnormalities in acute
stroke ranged from 61% to 74% and the specificity ranged
from 88% to 98% in 2 blinded, prospective, controlled trials
(LOE: A).276 Imaging findings have correlated with infarct
size, severity of neurological deficit, and clinical outcome in
patients without treatment and with evidence of spontaneous
recanalization (LOE: A, B).263,267–272,279–282 SPECT predicted
infarct size, which correlated significantly with infarct size
measured by CT.272 Severe hypoperfusion in the first 6 to 12
hours after symptom onset highly predicted poor neurological
outcome (LOE: A).267–271,282,283 When performed within 72
hours of onset of symptoms, SPECT imaging better predicted
short-term outcome than clinical neurological deficit score; if
performed later than this, the improved flow due to spontaneous
recanalization caused false-negative results.267 In the first 6
hours after symptom onset, an rCBF threshold of 0.52 on
SPECT imaging was found to discriminate between eventual
infarction and viability without thrombolysis (LOE: B).263 Im-
provement in perfusion caused by spontaneous recanalization
correlated with improved clinical outcome (LOE: B).263,284

Several studies have included a minority of patients who
received thrombolytic treatment. In 1 such study in which
most patients were not treated but a minority received
streptokinase, SPECT in the first 48 hours of stroke had a
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sensitivity of 79% and a specificity of 95% in locating the
infarct site as determined by CT at 7 to 10 days after the
stroke.285 In another series of patients, the majority (�60%)
of whom received only heparin therapy, semiquantitative
SPECT within 6 hours of stroke had a sensitivity of 82% and
a specificity of 99% for eventual fatal ischemic edema when
an activity deficit of the entire MCA territory was used as the
predictor. By comparison, baseline CT sensitivity was 36%
and specificity was 100% with hypoattenuation of the entire
MCA territory, and the sensitivity and specificity of various
clinical predictors ranged from 36% to 73% and from 45% to
88%, respectively.286 Similarly, count densities above and below
70% of normal distinguished TIA and stroke, respectively, in the
first 6 hours after symptom onset with ECD-SPECT in a group
of patients, in which 14 of 82 were enrolled in an intravenous
tPA trial285 (overall LOE of these studies: B).

Patients Treated With Thrombolytic Drugs
In patients treated with intra-arterial thrombolysis, the rCBF
threshold for reversibility of ischemia was 0.55, whereas the
threshold for the development of hemorrhage after treatment was
0.35.287 These parameters predicted treatment outcome regardless
of the duration of the ischemia, the site of vascular occlusion, patient
gender, or thrombolytic drug dosage (LOE: B).287

Combined HMPAO- and ECD-SPECT have been used
within 3 hours after treatment with intra-arterial
thrombolysis. Recanalization resulted in normal or increased
activity in a previously hypoperfused area with HMPAO-
SPECT. Normal activity on ECD-SPECT was seen in patients
who recovered neurologically. Decreased activity with ECD
was seen in patients with irreversible neurological injury.
When decreased activity with ECD was present along with
increased activity with HMPAO, patients developed hemor-
rhage and severe edema (LOE: B).288 These observations
were explained by the theory that HMPAO uptake reflects
tissue perfusion only, whereas ECD uptake reflects both
perfusion and cellular metabolism289 (overall LOE: B).

rCBF measured by SPECT also has correlated with clinical
outcome in patients treated with intravenous tPA.265,279 These
studies provide evidence for the critical role of collateral
circulation to maintain neuronal viability until treatment is
initiated. They support the importance of determining the
level of perfusion to ischemic tissue in treatment decision
making, rather than merely using the time between onset of
symptoms and treatment. Demonstration of the extent of
tissue viability could permit prediction of treatment response
without regard to time from symptom onset. The level of
pretreatment perfusion can predict hemorrhagic potential
after thrombolytic treatment, guiding the decision to accept
the risk of medical recanalization (LOE: A).265,266,279,288

Comparisons of pretreatment and immediate posttreatment
SPECT may also predict long-term clinical outcome. For
example, patients who showed perfusion recovery on ECD-
SPECT were significantly more likely to be neurologically
unimpaired at 3 months after stroke and to have smaller
infarcts on CT than patients without perfusion recovery.289

Summary
The advantages of SPECT imaging are that it is easy and
quick to perform, requiring only an intravenous injection, and

it is available in most radiology departments. Widely avail-
able software provides CBF images in 3 orthogonal views. Its
semiquantitative measurements are simple and can be per-
formed rapidly. Numerous studies have demonstrated that
perfusion measured with SPECT correlates with clinical
outcome (LOE: A, B).

The disadvantages of SPECT include difficulty in acquir-
ing the kit to prepare the labeled compound on short notice.
The data are physiological and not anatomic, such that
correlation with either CT or MR acquired at another time
must be performed. Overlaying the SPECT on an anatomic
CT or MR substrate may be a time-consuming procedure.
Compared with CT and MR, SPECT has low spatial resolu-
tion. Because arterial concentration of the radioisotope is
difficult to obtain, only semiquantitative analysis, such as
radioactivity count comparison in analogous regions, is usu-
ally possible. Comparison with activity in another area
assumes that CBF in the comparison region is normal, which
may be inaccurate. Comparison of studies of different patients,
performed on different days, or between different institutions
requires the use of assumptions that may lead to errors.

Xenon-Enhanced CT

Rationale of Technique and Method of Performance
Xenon is a biologically inert molecule that is used as an
inhaled diffusible tracer during CT scanning to provide a
measure of brain perfusion. As the patient inhales a 28% to
33% mixture of inert xenon gas, a steady state of xenon is
achieved in the brain parenchyma. The CT density changes
within the tissues after xenon gas inhalation are used to
calculate quantitative CBF values for each voxel at 6 brain
levels by use of the Kety-Schmidt equation. A detailed
description of the technique has been reported previously.290

Quantification, Accuracy, and Reliability
Both animal and human studies have been performed that
have demonstrated a strong correlation between normal CBF
values acquired with XeCT and other perfusion techniques,
including 133Xe and microsphere embolization.291–294 Studies
in animal models and humans with acute cerebral ischemia
indicate that XeCT provides accurate CBF values with mild
to severe levels of ischemia.259,293,295

Applications in Acute Stroke

Identification of Ischemia in Acute Stroke
Firlik and colleagues295 retrospectively explored the sensitiv-
ity of XeCT in the diagnosis of ischemic stroke in 20 patients
with MCA territory occlusions who presented within 6 hours
of onset and correlated XeCT abnormalities with angio-
graphic findings. In this select population of patients, non-
contrast CT scans were abnormal in 55% of patients, and
XeCT scans were abnormal in 100% of patients. In the 15
patients who underwent angiography, a mean CBF in the
affected vascular territory �20 mL � 100 g�1 � min�1 was
91% sensitive and 100% specific for an M1 occlusion.

Rubin and colleagues296 documented transhemispheric di-
aschisis in the setting of acute cerebral ischemia. They
retrospectively analyzed XeCT CBF values in 23 patients
studied within 8 hours of symptom onset. The mean CBF in
the unaffected hemisphere was 35% less than the normal
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mean value and was also significantly decreased in the
ipsilateral cerebellum.

Prediction of Prognosis and Clinical Outcome
Rubin et al297 retrospectively analyzed XeCT findings ob-
tained within 8 hours of symptom onset in 50 patients with
hemispheric stroke. CBF values in the symptomatic vascular
territory were compared with the contralateral homologous
region and correlated with discharge National Institutes of
Health Stroke Scale (NIHSS) scores. They found that mild
CBF asymmetry (�20%) correlated with good neurological
outcome, whereas severe asymmetry (�60%) correlated with
poor outcome. Outcomes in patients with CBF asymmetries
in the range of 20% to 60% were variable.

In the previously cited study by Firlik et al of acute MCA
territory strokes imaged within 6 hours of symptom onset
with XeCT,295 they found that a mean CBF of 15 mL � 100
g�1 � min�1 or lower was significantly associated with the
development of severe brain edema and herniation. Sensitiv-
ity and specificity of this threshold were 89% and 63%,
respectively, for severe edema and 100% and 50%, respec-
tively, for herniation.

In another retrospective analysis, Firlik and colleagues298

explored whether XeCT CBF measurements could distin-
guish patients with transient deficits from patients with
evolving strokes. They studied 51 patients with acute hemi-
spheric stroke symptoms who underwent XeCT within 8
hours of symptom onset. All 8 of the patients whose deficits
resolved without thrombolytic therapy had normal CBF
values compared with 42 of 44 patients whose deficits did not
resolve and who had abnormal CBF values.

Kilpatrick and colleagues299 subsequently explored
whether XeCT alone or in combination can be used to predict
new infarction and functional outcome. They retrospectively
identified 51 patients with hemispheric stroke symptoms who
underwent CT, CTA, and XeCT within 24 hours of symptom
onset at their institution. They found that patients with no
infarction on initial CT and normal XeCT CBF had signifi-
cantly fewer new infarctions and were more likely to be
discharged home than those with compromised CBF.

Prediction of Irreversible Ischemia and FIV
Kaufmann et al300 explored whether CBF thresholds could be
identified that predict FIV. They retrospectively analyzed
XeCT images from 20 stroke patients with MCA occlusions
imaged within 6 hours of symptom onset. In the 12 patients
with follow-up CT scans available (obtained between 2 and
41 days after onset), a significant correlation was found
between the extent of severe ischemia with CBF �6 mL � 100
g�1 � min�1 and the area of final infarction (Pearson corre-
lation coefficient�0.866). Of note, some patients were
treated with intra-arterial thrombolytic therapy.

Rubin and colleagues301 retrospectively analyzed XeCT
findings in 10 patients undergoing thrombolytic (either intra-
venous or intra-arterial) therapy for acute hemispheric ische-
mic stroke within 6 hours of symptom onset. In the 9 patients
with partial or complete recanalization at angiography after
thrombolysis, the follow-up XeCT showed reperfusion of the
ischemic brain areas. However, regions with CBF of 0 mL �

100 g�1 � min�1 at baseline demonstrated infarction on
follow-up imaging despite reperfusion.

Jovin et al302 retrospectively studied XeCT values in 36
patients with MCA stem occlusions imaged within 6 hours of
symptom onset; 11 patients were treated with thrombolytic
therapy. Using CBF thresholds identified from prior studies,
they found marked variability in the percentage of core tissue
present but a relatively consistent percentage of penumbra
present. However, only the percentage of core present was
significantly associated with clinical outcome.

Use of XeCT to Guide Acute Stroke Treatment
The above studies suggest that XeCT has the potential to predict
both tissue and clinical outcome in acute stroke, particularly in
the subset of patients with large-vessel anterior circulation
occlusions. Although it has been proposed that this information,
particularly in combination with data from noncontrast CT and
CTA, could be useful in therapeutic decision making, no prospec-
tive study has been performed to date to test this hypothesis.

Summary
There is a paucity of primary research articles related to
XeCT imaging in acute stroke in the literature. The majority
of reports have been generated from a single center, with
overlap of patients across studies. Most reports were retro-
spective analyses, generally without a control group avail-
able. Additional limitations include small sample size and the
use of select patient populations. The LOE across all studies
ranges from level C to level B. Current data support the
diagnostic accuracy of XeCT for determining quantitative
CBF values in acute stroke. Although retrospective case
series support the use of XeCT to improve efficacy in
diagnosis and therapeutic management, prospective valida-
tion studies are needed to demonstrate this. No data exist to
date that address the role of XeCT to improve patient
outcome or to show its cost-benefit ratio in treatment. An
important task for future research will be to compare the
clinical utility of XeCT in combination with NECT and CTA
with multimodal MR and multimodal CT approaches.

CT Perfusion

Rationale of Technique
In the emergency assessment of acute ischemic stroke, the
complete CTP examination has 3 components: (1) NECT, (2)
vertex-to-arch CTA, and (3) dynamic first-pass cine CTP,
performed over 1 or 2 slabs of tissue.20,21 Importantly, the
source images from the whole-brain CTA vascular acquisi-
tion (CTA-SI) provide clinically relevant data concerning
tissue-level perfusion. Assuming an approximately steady
state level of contrast in the intracranial arteries and capillar-
ies, CTA-SI is predominantly CBV weighted rather than CBF
weighted.303–305 Although the CTA-SI images can be viewed
qualitatively, coregistration and subtraction of the conven-
tional NECT brain images from the CTA-SI images results in
quantitative blood-volume maps of the entire brain.305–307 The
subsequent dynamic CTP examination with cine acquisition
measuring the first pass of a contrast agent in 1 or 2 regions
of interest (tissue slabs) produces quantitative CBF, MTT,
and CBV maps.
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Method of Performance

Data Acquisition
CTA with CTP is fast,20 increasingly available,306 safe,308 and
affordable.309 It typically adds no more than 5 minutes to the
time required to perform a head NECT and does not delay
intravenous thrombolysis, which can be administered, with
appropriate monitoring, directly at the CT scanner after
completion of the NECT.20,21,71,306,308,310–334 Immediate inter-
pretation of the vascular anatomy is aided by reformatting the
images in thick (2 cm) axial, coronal, and sagittal sections.

The following is a typical sample protocol: An 18- or
20-gauge cannula is positioned in an antecubital vein; pa-
tients are monitored during scanning, which enables intrave-
nous thrombolysis to be started on the CT table after the
NECT is completed through a separate intravenous catheter
(which is important to avoid inadvertent rtPA administration).
CTA is acquired immediately after NECT, from the vertex to
aortic arch, with semiautomated threshold-based triggering of
the administration of 105 mL of low-osmolar, nonionic
contrast agent, infused at 4 mL/s with a saline push power
injector. Dynamic CTP is performed next, which requires an
additional 45 to 60 seconds of scanning time, as well as an
additional 40 to 50 mL of contrast per slab over what is
needed for CTA. This small contrast bolus is administered at
4 to 7 mL/s during continuous cine imaging over a single
brain region that is started 5 seconds after the start of the
infusion. With most scanners, 2 to 4 cm of coverage per bolus
is obtained (5- or 10-mm-thick slices).310,313,322 Some centers
routinely obtain 2 slabs, which requires an additional bolus of
40 mL of contrast, to double the coverage, as advocated by
Wintermark et al.333 Although CTP can be performed on even
early-generation multidetector CT scanners, the newer 16-
and 64-slice machines provide faster, more complete cover-
age. Imaging parameters are 80 kilovolts (peak) [kVp], 200
mA, and 1-second rotation time. At least 1 imaged slice must
include a major intracranial artery for CTP map construction.
The scan plane is angled along the superior orbital roof.
CTA-SI data are available immediately before the CTP
acquisition, to locate the region of abnormal perfusion and to
guide the choice of imaging plane through that region.

Contrast Safety and Radiation Dose Considerations
Unlike DWI/MRP, CTA/CTP requires ionizing radiation and
iodinated contrast. The safety issues involved are no different
from those of any patient group receiving contrast-enhanced
head CT scanning.307,310,335 The recommended scanning pa-
rameters for CTP (specifically, 80 kVp and approximately
200 mA) have been optimized to provide maximal perfusion
signal with minimal radiation dose.310 It has been estimated
that a 2-slab CTP deposits only a slightly greater radiation dose
than a routine unenhanced head CT, or approximately 3.3
mSv.310,336 Hardware and software innovations have the poten-
tial to further reduce this dose to as low as 0.85 to 1.85 mSv with
currently available scanners and postprocessing tools.337

Modern iodinated CT contrast agents have been shown not
to worsen stroke outcome.338–340 Most centers performing
stroke CTA/CTP call for the use of low or iso-osmolar
contrast to minimize the risk of contrast-induced nephropa-
thy. It has been suggested that iso-osmolar contrast agents

(�300 mOsm) have an improved safety profile over that of
high-osmolar contrast agents, even for high-risk diabetic
patients with baseline creatinine of �1.9 mg/dL (range 1.5 to
3.5 mg/dL) who are undergoing high-dose procedures such as
aortofemoral angiography.341 It has additionally been sug-
gested that low-osmolar contrast agents (�600 to 800 mOsm)
have a similar safety profile.342 The mainstay of contrast-
induced nephropathy prevention is adequate preprocedure
and postprocedure hydration, up to 12 hours before and after
contrast administration, if possible, especially given that
mannitol and diuretics have not proved beneficial in the
prevention of contrast-induced nephropathy.343

Reconstruction and Postprocessing
Although postprocessing of CTA and CTP images is more
labor intensive than that of MRA and MRP, with training and
quality control, 3-dimensional reconstructions of CTA data sets,
as well as quantitative CTP maps, can be constructed rapidly and
reliably.344–346 Indeed, newer-generation CTP reconstruction
software holds the promise of being truly turn-key (M.H. Lev,
written communication, December 2005). Moreover, because
CTA-SI maps consist only of the raw data from the CTA
acquisition, no postprocessing is involved.20,72,73,347

The first-pass CTP cine source images are transferred to a
freestanding workstation and analyzed with commercially
available deconvolution-based software to create quantitative
maps of CBF, CBV, and MTT. The deconvolution-based
software requires the user to select multiple input variables.
In 1 small study, major variations of either arterial region-of-
interest placement or arterial and venous region-of-interest
size had no significant effect on the mean CBF, CBV, and
MTT values at the infarct core (P�0.05). Even minor
variations, however, in the choice of venous region of interest
placement or in preenhancement and postenhancement cutoff
values significantly altered the quantitative values for each of
the CTP maps by as much as 3-fold.346 Awareness of these
results by clinical imagers may be important in the creation of
quantitatively accurate CTP maps.

Quantification, Accuracy, and Reliability

CTP Image Review
Eastwood et al334 showed good �-Pearson correlation be-
tween readers for extent of CBF abnormality (0.94,
P�0.001); intraobserver variation was 8.9% for CBF abnor-
malities. In another study, raw data derived from dynamic
CTP examinations performed in 20 subjects were postpro-
cessed 7 times by 3 experienced CT technologists.344 The
authors concluded that although there was a high degree of
correlation between parenchymal regions of interest derived
from CTP maps generated from the same dynamic source
data postprocessed by different operators, the level of agree-
ment may not be sufficient to incorporate quantitative values
into clinical decision making. It is likely, however, that with
optimization of postprocessing parameter selection, the de-
gree of variability may be reduced substantially.344 There
have been continued efforts toward the development of
practical automated and semiautomated imaging tools for
interpretation of CTP images.347 CTP software is being
distributed with new CT scanners, and is being used as part of
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the phase III DIAS trial in which mismatch between CTP and
the noncontrast CT abnormality is a selection criterion.

CTP Validation and Penumbral Measurement
The creation of accurate, quantitative CTP maps by the
deconvolution method has been validated in a number of
studies.313,321–323,332,348–351 Specifically, validation has been
accomplished by comparison with XeCT,332,352 PET,353 and
MRP,69,354–357 both in humans and with microspheres in
animals.313,321,323 However, 1 study found the correlation
between MRP and PET perfusion values to be less reliable
than expected.358 CTP has greater spatial resolution than
MRP and more readily lends itself to quantification. MRP
may also be more sensitive to contamination by large vascu-
lar structures. These factors may contribute to the possibility
that visual assessment of core/penumbra mismatch is more
reliable with CTP than with MRP.359,360 Of note, if vascular
pixels are excluded from the calculation of CT-CBF, quanti-
fication of mean CBF is highly accurate compared with
values obtained with H2

15O PET.361

Applications in Acute Stroke

Tissue Outcome

CTA-SI
It has been hypothesized that CTA-SI, like DWI and CBV,
can specifically detect infarct core (ischemic regions likely to
be irreversibly infarcted despite recanalization) and can
therefore be used to define a worst-case lower limit to final
infarct size.21,72,311 Also, like DWI, a time-dependent thresh-
old for these blood volume changes has been observed, and
reversal can and does occur in the setting of early complete
recanalization.65,362,363 CTA-SI is important for the CT eval-
uation of stroke, because as opposed to quantitative CTP, it is a
series of images of the whole brain and hence may be useful in
extrapolating regional tissue CTP models to the entire brain.

In a study of 22 consecutive patients with MCA stem
occlusion who underwent intra-arterial thrombolysis within 6
hours of stroke onset, it was found that with early complete
recanalization, CTA-SI lesion volume approximated that of
the follow-up scan, whereas in the absence of recanalization,
there was significant lesion growth. Moreover, an admission
CTA-SI lesion volume of �100 mL (coincidentally, approx-
imately one third the volume of the MCA territory) reflected
the break point between patients expected to have a good or fair
outcome on follow-up modified Rankin score (depending on
degree of recanalization) versus poor outcome despite complete
recanalization (those with a volume �100 mL). The strength of
the association between CTA-SI lesion volume and outcome
was stronger than that between NIHSS score and outcome.21

A more recent study of 37 consecutive anterior circulation
stroke patients imaged �6 hours after ictus has confirmed
and expanded on these results. In patients with major reper-
fusion, mean CTP-CBV and CTP-SI infarct size closely
predicted final infarct size; review of the CTP source images
was more accurate at identifying the extent of reversible and
irreversible ischemia and at predicting final clinical outcome
than review of the unenhanced CT or CTA-SI.347

CT Perfusion
A recent study sought to determine whether CTP-CBF
thresholds for distinguishing benign oligemia from nonviable
penumbra could be established.247 The authors studied a
homogeneous population of 14 intra-arterial lysis patients
within 8 hours of stroke onset, performing separate region-
of-interest analyses for gray versus white matter, and reported
both relative and absolute threshold results. They concluded
that normalized or relative CTP-CBF (rCBF) is the most
robust parameter for distinguishing benign oligemia from
nonviable penumbra (assuming that the normalization ac-
counts for the variable gray-to-white matter ratio within the
ischemic region of interest, because gray and white matter
have different baseline CBF values, a conclusion that has
recently been underscored in the MRI literature as well364).
When the recanalization versus no-recanalization groups
were compared, ischemic regions with �66% reduction in
CTP-CBF, normalized to contralateral mean values, had
�95% positive predictive value for infarction (95% specific-
ity), despite the presence of robust recanalization, and ische-
mic regions with �50% reduction in CTP-CBF had �90%
positive predictive value for survival (95% sensitivity), de-
spite the absence of robust recanalization.247

These preliminary thresholds—�66% reduction in CBF
for nonviable penumbra and �50% reduction in CBF for
benign oligemia—may predict the upper and lower limits of
final infarct size in a more precise manner than is currently
possible with DWI/MR-MTT mismatch. Additionally, the
authors found that the visual threshold for identification of
the CTP-CBV core corresponded to a 75% reduction in
CTP-CBF.247 The visually evident CTP-CBV lesion (along
with the CTA-SI lesion) is therefore likely to infarct, because
it is associated with CTP-CBF reductions below the threshold
for nonviable penumbra. Another recent study has suggested
a quantitative threshold of CBV �2 mL/100 g as being highly
accurate for determination of infarct core, and a relative
CTP-MTT increase of �150% as being accurate for defining
the at-risk penumbra.365

Clinical Outcome: CTA/CTP
The penumbra is dynamic, and several factors influence its
fate, including time since stroke, residual and collateral blood
flow, admission glucose, temperature, hematocrit, systolic
blood pressure, and treatment, including normobaric hyper-
oxia.366 It is technically challenging to measure the penum-
bra. Despite this, a number of consistent messages emerge
from a review of the literature regarding outcome prediction
in acute ischemic stroke with various imaging parameters.
One such message is that a determination of the volume of the
core is critical. In cases of successful recanalization, multiple
studies have found that clinical outcome is strongly correlated
with admission core lesion volume, be it measured by DWI,
CTP-CBV, CTA-SI, XeCT-CBF, or unenhanced CT.302,367–371

A second is that bolus-tracking techniques, such as dynamic
MRP, sensitively identify the region at risk for infarction,
correlate better than core with admission NIHSS, but in general
overestimate the final infarct and lack specificity.248–250 In a
recent study, the correlation between the degree of MR diffu-
sion/perfusion mismatch volume and DWI expansion was not
found to be statistically significant.244 Like DWI/MRP imaging,
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CTA-SI/CTP has the potential to serve as a surrogate marker of
stroke severity, possibly exceeding the NIHSS or ASPECTS
scores as a predictor of outcome.44,45,51,230,311,372–375 A report
suggested that multimodal CT evaluation improves detection
rate and prediction of the final size of infarction compared with
NECT, CTA, and CTP alone.376 Nabavi et al,377 using a very
simple approach, were able to create a surprisingly accurate
CTA-SI/CTP–based stroke scale score predictive of NIHSS,
called the MOSAIC (Multimodal Stroke Assessment Using
Computed Tomography) score. The MOSAIC score, a number
ranging from 0 to 8 that reflects the sum of the scores for these
components, was a stronger predictor of final clinical outcome at
3 months (modified Rankin score and Barthel Index) than were
any of the individual components alone, or the NIHSS score.

Evidence Supporting the Use of CTP in Acute
Stroke Imaging
Many of the studies cited in this section reflect level C evidence,
with some of the larger prospective trials being of B level.

Summary
Compared with MRP, CTP has advantages of speed, low cost,
and most importantly, widespread availability. CTP parame-
ters of CBV, CBF, and MTT can be more easily quantified
than their MRP counterparts, owing in part to the linear
relationship between iodinated CT contrast concentration and
resulting CT image density (expressed in Hounsfield units), a
relationship that does not hold for gadolinium concentration
versus MRI signal intensity. However, as with other bolus-
tracking techniques, quantification is dependent on the de-
convolution method to calculate CBF based on a comparison
of the tissue curve with the arterial input function. Because of
its availability, simpler methodology, and greater degree of
quantification, CTP has the potential to increase patient
access to new treatments and imaged-based clinical trials.
Pilot studies have suggested that the mismatch between
ischemic lesion size on admission CTP-CBV (or CTA-SI)
and CBF maps can be used much like MR DWI/MRP
mismatch to operationally identify salvageable brain tissue in
the acute stroke setting. CTA also has the potential to rapidly
and accurately localize the vascular source of stroke to
identify appropriate candidates for recanalization. In addition,
hypodense regions on the source images from the CTA
(CTA-SI) reflect reduced CBV that denotes tissue that is
difficult to salvage with reperfusion (core). These CTA-SIs
cover the entire brain volume, require no postprocessing, and
are available immediately at scan completion.

A current disadvantage of CTP is limited coverage, typically
a 2- to 4-cm-thick slab per contrast bolus depending on the
manufacturer and the generation of multidetector CT scanner
used. The many contraindications to MRP in acute stroke
patients, such as difficulty scanning patients on monitors or
ventilators, presence of pacemakers or implantable defibrillators,
aspiration with long periods supine, and inability to obtain a
history to rule out metallic implants, do not exist with CT.

The ultimate goal of acute stroke treatment is to minimize
neurological deficit and maximize functional outcome. Be-
cause of the superior quantitative capability of CT, as
opposed to MRP imaging, application of specific CTP CBF
and CBV thresholds to predict tissue survival or infarction

appears promising. Because smaller studies have suggested
that the calculated volume salvaged by reperfusion is corre-
lated with improvement in NIHSS, it is essential that these
thresholds be validated in larger patient cohorts for which
reperfusion status is known.

MR Perfusion

Rationale of Technique
Preliminary studies exploring the use of perfusion-weighted
MRI (PWI, or MRP, which has been used throughout the
present statement) in acute ischemic stroke have suggested its
utility in predicting lesion growth and clinical outcome. Baird
et al378 demonstrated that most patients with a perfusion/
diffusion mismatch (hypoperfusion volume greater than DWI
ischemic lesion volume) have a significant increase in infarct
volume over time if no increased perfusion occurs, whereas
patients without a mismatch have no subsequent growth in
infarct size. Without recanalization, baseline volumes of
hypoperfusion were found to have better correlation with the
size of the final infarct than baseline lesion volumes on
DWI.379,380 Particularly in the hyperacute setting, an ischemic
region on MRP may be present even in the absence of an
acute lesion on DWI, which further emphasizes the potential
utility of MRP in identifying tissue at risk.379 Baseline
volumes of hypoperfusion by MRP have also been shown to
correlate better with clinical scales at baseline or outcome
than do lesions on baseline DWI.379–381 Investigations of the
best MRP analytical method focus on identifying the highest
correlation of ischemic volume with acute clinical deficits
(symptomatic hypoperfusion) or with the volume of the
infarct that becomes defined over time (tissue at risk).

Method of Performance
Magnetic susceptibility effects, as defined by the MR param-
eter T2*, are due to metals, blood products, air, and other
substances that produce local magnetic field variations or
gradients, which lead to proton dephasing and intravoxel
signal loss. After a contrast agent containing a heavy metal,
such as gadolinium or dysprosium from the lanthanide group,
is injected into the bloodstream, it passes rapidly through the
microvasculature to produce local signal loss equal to the size
of the blood vessel and usually an additional capillary radius
beyond that vessel. Gradient-echo imaging is particularly
effective at detecting T2* effects, and a high-speed, multi-
slice gradient-echo technique that uses a single radiofre-
quency input or shot, such as echoplanar imaging, is capable
of obtaining thin imaging slices through the entire brain every
second that are T2* sensitive.382,383

Typically, images are obtained every 1 to 2 seconds.
Baseline images without contrast are acquired over approxi-
mately 40 seconds before the injected contrast agent arrives,
followed by sequential imaging over the next minute as the
contrast moves rapidly through the vasculature. Signal
intensity–versus-time curves can be determined for each
voxel. Theoretically, the area under the curve closely approx-
imates CBV, whereas the full width of the curve at one half
of its maximum value (FWHM) is proportional to MTT. The
ratio of the 2 yields CBF. These are all relative values,
because the signal intensity is not linearly related to the
volume of contrast in the vasculature (in CTP, there is a linear
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relationship to the density measured by the CT scanner and
the volume of the iodinated contrast agent in the vasculature).
For more accurate quantification, an arterial input function is
a necessary component, but this is not an easy parameter to
measure with MR. Direct determination of the concentration
of the paramagnetic contrast agent in a small vessel such as an
MCA is not trivial, and it is difficult to measure the signals
from a large vessel such as the ICA that may be outside the
scanning volume. However, there are mathematical models
that allow the arterial input function to be deconvolved from
the tissue concentration–versus-time curve to estimate the
arterial input function and produce multiparametric perfusion
maps, similar to the methods used for CTP.54,382,383

As with CTP, the echoplanar imaging data are transferred
to a separate workstation on which the perfusion maps are
produced. Data derived from the diffusion-weighted sequence
are used to construct apparent diffusion coefficient maps.
These diffusion and perfusion maps are then compared to
produce a perfusion/diffusion map, to look for a mismatch that
might indicate the presence of ischemic but salvageable tissue.

The major advantages of MRP over CTP include whole
brain coverage, speed of acquisition of many data points per
voxel, and its inclusion in a package of imaging sequences
that effectively evaluate many aspects of the parenchyma,
including the presence of ischemia with DWI. The vascu-
lature can also be evaluated with MRA. The disadvantage
is the lack of linearity between signal intensity and contrast
concentration, which makes quantification very difficult,
and thus, no absolute value of perfusion is available for
clinical decision making. Instead, regions of interest on
relative maps must be compared as surrogates for absolute
data.54,382,383

Relative Quantification, Accuracy, and Reliability

Preliminary Studies Evaluating MRP Thresholds
To achieve the goal of predicting infarct evolution and
clinical outcome, different thresholds of MRP parameters
have been proposed to identify tissue at risk of infarction.
Acute hypoperfusion volumes derived from a variety of
analytical approaches have been found to be predictive of
tissue outcome. Schlaug et al243 found that a reduction in
initial relative CBV (rCBV) to 47% of the contralateral
control region and a reduction in rCBF to 37% of the
contralateral control region characterized the ischemic pen-
umbra, which they operationally defined as the region be-
tween the initial diffusion abnormality (core) and its exten-
sion as seen on the 24- to 72-hour follow-up DWI study. A
more severe reduction in these perfusion parameters was
proposed as the threshold that fit the ischemic core. Other
groups have proposed different MRP thresholds to differen-
tiate ischemic penumbra from benign oligemia or ischemic
penumbra from core. Neumann-Haefelin et al254 found that a
time to peak (TTP) delay of �6 seconds was predictive of
lesion enlargement at 6 to 10 days after stroke, whereas
Parsons et al384 and Thijs et al385 found that MTT delays
between 4.3 and 6.1 seconds and �4 and �6 seconds,
respectively, predicted tissue that progressed to infarction.
Shih et al386 instead sought to differentiate irreversibly
infarcted core tissue from penumbral tissue despite early

recanalization by thrombolysis. Using an adjusted TTP of the
residue function (Tmax), they found that Tmax �6 and �8
seconds correlated best with FIV at day 7.

Which MRP Method Is the Most Accurate?
Further investigations of perfusion MR in larger series of
patients have continued to demonstrate that these different
MRP methods are, on the whole, predictive of FIV and
clinical outcome, variably defined; however, they have not
resulted in a consensus as to which perfusion parameter is the
most accurate predictor of tissue fate and clinical outcome.
Individual centers have prospectively accumulated their own
case series and retrospectively analyzed the imaging data
with different perfusion postprocessing techniques. Thus,
CBF, MTT, TTP, and CBV parameters may not be directly
comparable between studies because different analytic mod-
els have been used to derive nominally the same parameter,
and different image-acquisition techniques (eg, spin echo
versus gradient echo) have been used. Furthermore, patients
studied have varied both within and between reports with
respect to vessel status, ie, recanalization versus persistent
occlusion, or thrombolytic treatment, factors that could affect
stroke evolution and thus the evaluation of MRP as a
predictor of stroke outcome. All of these variations have
made it difficult to compare the relative accuracy of the
methods, and direct comparisons of different methods on the
same sample of patients are lacking. Notwithstanding the lack
of a validated best method, a variety of perfusion MRI
techniques (eg, CBF, CBV, and MTT) reveal volumes of
hypoperfused brain that correlate variably with clinical severity
and outcomes. The following review includes studies with
sample sizes of �30 patients to summarize the current state of
knowledge of the utility of perfusion MR in acute stroke.

1. MRP Volumes as Predictors of FIV and Outcome. Schellinger
et al,387 in studying 51 acute stroke patients with MRI within
6 hours of symptom onset, almost half of whom received
thrombolytics, found only a small correlation between acute
diffusion and perfusion lesion volumes and both acute and
day 90 NIHSS scores. For DWI, these correlations were
better in the subgroup of patients who had recanalized by day
2 than in those who had not, whereas the opposite was true for
MRP. In that study, MTT perfusion maps were calculated as
the normalized first moment of the concentration/time curve.
On the basis of their findings, they concluded that hyper-
acute DWI and MRP may not represent the true baseline or
severity of clinical outcome but instead the potential
best-case (and worst-case) scenarios, depending in part on
early recanalization.

However, many other groups have found a strong corre-
lation between acute MRP values and clinical outcome, as
well as FIV, although imaging was often performed up to 24
to 48 hours after symptom onset in patients who did not
receive thrombolytics. Karonen et al261 compared MRP rCBF
maps, correlated to SPECT as the reference standard of
measuring CBF, and FIV, defined as DWI lesion volume at 1
week, in patients who did not receive thrombolytics. In 46
patients, half of whom also underwent SPECT, they found
that acute MRP volumes of hypoperfusion had a statistically
significant correlation with FIV and with acute SPECT
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hypoperfusion volumes performed on the same day as the
MRP. In a subsequent study,280 they compared different MRP
parameters (rCBV, rCBF, and MTT) with the FIV in 49
patients, none of whom had received thrombolytics. All of the
MRP maps correlated significantly with the FIV. The best
correlation was found with the initial rCBV volume, whereas
the rCBF and MTT maps tended to overestimate the final
infarct. Schaefer et al388 and Kluytsmans et al389 also found
rCBV to be the best predictor of FIV when comparing
different MRP parameters in patients who had not received
thrombolytics. The presence of an rCBV-DWI mismatch was
also the best predictor of lesion growth compared with an
rCBF-DWI or MTT-DWI mismatch.278,388,389 Furthermore,
rCBV correlated better with clinical outcome, measured by
4-month NIHSS, modified Rankin scale, and Barthel index,
than did MTT.389 The presence or absence of spontaneous
recanalization was not assessed in these studies.

2. Is There an MRP Threshold Value That Is Most Predictive
of Lesion Growth and FIV? Different groups have used
different perfusion mapping techniques in an attempt to
retrospectively identify a perfusion threshold that best pre-
dicts final infarct size on follow-up T2-weighted imaging,
although again, there is no consensus on which threshold to
use. In evaluating different thresholds of perfusion delay on
TTP maps of 50 stroke patients within 24 hours of symptom
onset, Wittsack et al390 found through volumetric analysis
that a TTP delay �6 seconds best correlated with final infarct
size as measured on days 6 to 11 and was particularly useful
�4 hours after symptom onset, when DWI was less reliable
in demonstrating the full extent of the ischemic territory.
Although other perfusion maps were calculated, they were
not included in the volumetric analysis. Butcher et al17

explored potential thresholds for infarcted versus salvageable
tissue on MTT, rCBF, and rCBV maps in 35 patients, half of
whom were treated with intravenous thrombolysis. Evidence
of reperfusion was also assessed. They found a difference in
relative MTT and rCBF values, but not rCBV, in infarcted
versus salvaged tissue, although there was significant overlap.
Furthermore, early reperfusion allowed more severely hypoper-
fused tissue to be salvaged. Therefore, an absolute perfusion
threshold could not be demonstrated with any of the techniques
studied, because the perfusion thresholds for infarction depended
on time to reperfusion.

Thomalla et al234,391 chose to use a TTP delay of �4 seconds
(TTP��4s) to retrospectively identify a perfusion volume thresh-
old within 6 hours of symptom onset that could predict the
development of malignant MCA infarction. A TTP��4s �162
mL had 83% sensitivity and 75% specificity for predicting
malignant MCA infarction. Fiehler et al392 chose instead to
evaluate a CBF threshold of �12 mL � 100 g�1 � min�1 (CBF12),
derived from the PET literature, and found that a relative CBF12

tissue volume �50 mL within 6 hours of symptom onset was
predictive of further lesion enlargement.

Although different absolute perfusion thresholds and per-
fusion volume thresholds have been correlated with FIV and
lesion growth, the best method has yet to be identified. However,
time to reperfusion will be an important factor to take into
consideration when this determination is being made.

Applications to Acute Stroke Therapy
Because MRP provides important pathophysiological infor-
mation in acute stroke, MRP in concert with DWI has the
potential to guide patient selection for acute stroke treatment
and serve as a potential imaging surrogate end point in clinical
trials. It is understood that although they are based on physiol-
ogy, these imaging techniques provide an operational method-
ology at a given point in time for patient selection to a
management protocol. For this purpose, the simplest model of
the tissue at risk, the qualitative diffusion/perfusion mismatch,
which is highly predictive of lesion growth, may be
adequate.256,378

Through their retrospective analysis, Derex et al393 sug-
gested the use of MRP and DWI along with site of vessel
occlusion to guide treatment. They obtained MRIs in 49
patients within 6 hours of symptom onset before intravenous
thrombolysis; 47 of these patients had an intracranial large-
vessel occlusion by MRA, and patients with extracranial ICA
stenosis were excluded. TTP maps were used to measure
perfusion lesion volumes. Patients with intracranial ICA
occlusion had significantly larger pretreatment perfusion
defects and perfusion/diffusion mismatch volumes. Differ-
ences in rCBF and peak height values between the ischemic
focus and an analogous region in the contralateral hemisphere
were also significantly higher in patients with intracranial
ICA occlusions than in those with more distal occlusions,
whereas MTT, TTP, and CBV difference values did not
distinguish among the sites of arterial occlusions. Patients
with intracranial ICA occlusions also had a lower recanali-
zation rate after thrombolysis than those with more distal
occlusions, and they had worse clinical outcomes. The
hemodynamic information gained from acute MRI, including
perfusion and site of vessel occlusion, could be used to
identify patients in whom intra-arterial therapy alone or
combined intravenous and intra-arterial therapy may be
necessary to achieve recanalization. Sunshine et al238 applied
this use of multimodal MRI prospectively for treatment
selection in 35 patients within 6 hours of symptom onset.
Patient management was guided primarily by evidence of
large-vessel occlusion; in addition, the treatment of 2 patients
was determined by the demonstration of hyperperfusion on
MRP, and these patients were managed conservatively.

In addition to having the potential to identify appropriate
patients for treatment, MRP along with DWI has been used as
a surrogate marker of outcome in phase II trials to signal
efficacy. With the use of serial MRIs, including MTT maps
with a threshold delay �4 seconds, Barber et al394 demon-
strated in 49 acute ischemic stroke patients that major
reperfusion and infarct expansion are associated with clini-
cally significant changes in outcome. On the basis of their
results, they calculated theoretical sample sizes that would be
necessary for phase II stroke therapy trials to demonstrate
proof-of-concept to determine whether a larger phase III trial
should be pursued.

An early reperfusion response on MTT has been found to be
predictive of clinical recovery with standard intravenous tPA
therapy. Chalela et al395 found that the strongest independent
predictor of excellent outcome in multivariate logistic regression
analysis was improved brain perfusion 2 hours after treatment,
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assessed as a decrease of �30% in the volume of hypoperfusion
on MTT maps. This criterion of early reperfusion was a stronger
predictor of clinical outcome than patient age or baseline clinical
severity measured by the NIHSS, 2 clinical variables that are
highly predictive of outcome. Thus, with the administration of a
clinically effective thrombolytic therapy, early reperfusion by
MRP predicted clinical recovery.

This use of perfusion with diffusion MR as a selection
variable and as a surrogate outcome measure was applied in
the DIAS phase II trial.8 It was the first prospective, random-
ized, placebo-controlled thrombolytic stroke trial to use MRI
both to determine patient eligibility and as a primary efficacy
end point. A diffusion/perfusion mismatch by visual inspec-
tion was an inclusion criterion for this trial, which involved
104 patients within 3 to 9 hours of symptom onset. A primary
efficacy end point was the rate of reperfusion on MRI after 4
to 8 hours, defined as either �30% reduction of MTT lesion
volume or �2 points of improvement on the adapted Throm-
bolysis In Myocardial Infarction (TIMI) grading scheme with
MRA. This trial demonstrated that intravenous desmoteplase
was associated with a higher rate of early reperfusion and
better 90-day clinical outcome in the patients selected for
treatment than in the placebo group.

Summary
Although widely accepted and used in practice, the diagnostic
and clinical utility of perfusion MRI has not been proven in
controlled, adequately powered studies. Descriptive case
series and studies of the relationship of MRP parameters to
other clinical, imaging, and therapeutic variables have shaped
the concepts and hypotheses about its potential utility (LOE:
B, C). The identification and response to treatment of the
ischemic penumbra pattern when defined as a simple diffu-
sion/perfusion mismatch may be the most useful application
of perfusion MR, both for patient selection and as an outcome
measure in clinical trials. Individual centers have demon-
strated that different MRP parameters are generally predictive
of tissue fate and clinical outcome; however, despite these
different methods already being applied, there has been no
determination of which technique is most accurate. Contrib-
uting to the lack of consensus is the variability in definitions
of what represents ischemic core, penumbra, final infarct size,
and clinical outcome on which the measures of accuracy are
based. Furthermore, time to reperfusion affects these param-
eters and is an integral component in the evaluation of all MRP
methods, yet it often is not taken into account. To progress
toward a consensus on the optimal perfusion MR technique to
use in the diagnosis and management of acute ischemic stroke,
it is imperative that multicenter, prospective, systematic trials be
conducted to fully evaluate this promising tool.

Summary of Perfusion Imaging Techniques

1. SPECT: In terms of making decisions as to whether to
perform thrombolysis, and in terms of patient outcome,
perfusion from collaterals to the ischemic region may be as
important a variable as time from ictus (LOE: A).

2. XeCT: Quantification appears to be important in predict-
ing patient outcome. CBF thresholds and volume of
infarction determined by these thresholds correlate with
outcome (LOE: B).

3. Although CTP is more easily quantified than MRP, the
accuracy of that quantitation is still being debated (LOE: B).

4. Normalized quantitative thresholds as determined by
CTP, which differentiate potentially viable and nonvia-
ble ischemia within the penumbra, are similar to the
relative threshold values found with SPECT (LOE: B).

5. The core of initial infarction is determined similarly with
DWI, CTP-CBV, CTA-SI, and XeCT CBF �12 mL �
100 g�1 � min�1 (LOE: B).

6. With successful recanalization, outcome strongly corre-
lates with the volume of the initial core of infarction. The
threshold of 100 mL, as found in CTP studies, is
approximately one third of the MCA territory, as found
in older tPA clinical studies. Patients with infarctions
equal to or greater than that size tend to have poor
outcomes (LOE: A).

7. A combination of values derived from dynamic CT
studies, reflecting size of initial core and volume of
salvageable tissue, may predict clinical outcome with
successful recanalization better than clinical parameters
(eg, NIHSS) alone (LOE: B).

8. MRP is difficult to quantify because of a lack of a linear
relationship between contrast agent concentration and
signal intensity (LOE: B).

9. There are a variety of MRP maps; which one best
predicts tissue fate and clinical outcome is still being
debated (LOE: B).

10. A combination of MRA, DWI, and multiple MRP para-
metric maps can be used operationally to select patients
for acute therapy (intravenous versus intra-arterial
thrombolysis versus mechanical thrombectomy versus
conservative management; LOE: B).

11. Diffusion/perfusion mismatch (the specific perfusion
map in debate) may be used to select the appropriate
patient for thrombolysis, especially within the patient
group that is �3 hours after ictus (LOE: B).

12. Changes in MRP (specific map still in debate) may serve
both as a surrogate marker of treatment efficacy and a
predictor of clinical outcome. Changes in dynamic CTP
data may serve the same functions (LOE: B).

Recommendations

Perfusion-Derived Values
Quantitative thresholds of tissue that is dead or destined to die
versus tissue that is still living and may be salvageable are the
goal of all perfusion techniques. Although the performance of
such studies may be considered to identify and differentiate the
ischemic penumbra and infarct core, their accuracy and useful-
ness have not been well established (Class IIb, LOE: B).

Clinical Role of Perfusion Imaging

1. The admission volumes of infarct core and ischemic
penumbra may be significant predictors of clinical out-
come, possibly exceeding the prognostic value of admis-
sion NIHSS score (Class IIb, LOE: B).

2. There is increasing but as yet indirect evidence that even
relatively imprecise measures of core/penumbra mismatch
may be used to select patients for treatment beyond a strict
3-hour time window for intravenous thrombolysis. To-
gether with vascular imaging, these approaches may de-
termine suitability for other therapies such as mechanical
clot retrieval and intra-arterial thrombolysis, as well as
provide a surrogate marker for treatment efficacy (Class
IIb, LOE: B).

3666 Stroke November 2009

 by on November 18, 2009 stroke.ahajournals.orgDownloaded from 

http://stroke.ahajournals.org


Disclosures

Writing Group Disclosures

Writing Group

Member Employment Research Grant

Other Research

Support

Speakers’

Bureau/Honoraria Ownership Interest

Consultant/Advisory

Board Other

Richard E.

Latchaw

UC Davis None NexGen Medical

Systems*

None NexGen Medical

Systems*

NexGen Medical

Systems*

None

Mark J.

Alberts

Northwestern

University Medical

School

AstraZeneca*; BMS/Sanofi‡;

Boehringer

Ingelheim‡; Novo

Nordisk*; Schering-Plough*

None Accumetrics*;

AstraZeneca*;

BMS/Sanofi‡;

Boehringer

Ingelheim*;

Eli Lilly & Co*;

ESP Pharma*;

Genentech*;

KOS*; Merck*;

Novo Nordisk*;

Pfizer*

None AstraZeneca*;

BMS/ Sanofi‡;

Boehringer

Ingelheim*;

Eli Lilly*;

ESP Pharma*;

Genentech*; KOS*;

Merck*;

Novo Nordisk*;

Pfizer*;

Schering-Plough*

Athena Royalties*

John J.

Connors

Self-employed None None None None None None

Robert E.

Harbaugh

Penn State Dept of

Neurosurgery

Codman, Inc*- PI Medtronic, Inc*;

Integra Neuroscience, Inc*;

Integra Foundation*;

Wyoming Valley Healthcare System*;

Commonwealth of Pennsylvania*;

NIH R01– NS049135–01—

coinvestigator*;

NIH R01 – HL083475–01A2—

co-principal investigator*

None None Has stock in Cortex, Inc*;

MedCool, Inc*; Piezo

Resonance Innovations, Inc*;

CHYNA, LLC–fiduciary

responsibility, president, has

2 patents pending: US patent

application 20060212097

US patent

application 20070138915

MedCool, Inc*;

Micromechatronics,

Inc*;

Piezo Resonance

Innovations, Inc*;

SIO Healthcare

Advisors, Inc*

None

Randall T.

Higashida

UCSF Medical

Center

None None None None Concentric

Medical*; Cordis

Neurovascular*;

Nuvelo Inc*

None

Robert

Hobson†

New Jersey

School of Medicine

and Dentistry

Crest*; NINDS*; NIH* None Network for CME

(NJ)*

None None None

Chelsea S.

Kidwell

Georgetown NINDS P50 NS44378‡;

NINDS U54 NS057405‡

None None None None None

Walter J.

Koroshetz

NINDS None None None None Neurologica* None

Michael H.

Lev

Massachusetts

General Hospital

NINDS (SPOTRIAS)‡ GE Medical Systems* GE Medical

Systems*; Vernalis*

None CoAxia*; GE

Medical Systems*

None

Vincent

Mathews

Northwest Radiology

Network/Indiana

University

Bayer Labs* None None None Bayer Labs* None

Pablo

Villablanca

UCLA None None None None None None

Steven

Warach

NIH None None None None None None

Beverly

Walters

Congress of

Neurological

Surgeons

None None None None None None

This table represents the relationships of writing group members that may be perceived as actual or reasonably perceived conflicts of interest as reported on the Disclosure
Questionnaire, which all members of the writing group are required to complete and submit. A relationship is considered to be �significant� if (a) the person receives $10 000
or more during any 12-month period, or 5% or more of the person’s gross income; or (b) the person owns 5% or more of the voting stock or share of the entity or owns
$10 000 or more of the fair market value of the entity. A relationship is considered to be �modest� if it is less than �significant� under the preceding definition.

*Modest.
†Deceased.
‡Significant.

Latchaw et al Imaging of Acute Ischemic Stroke 3667

 by on November 18, 2009 stroke.ahajournals.orgDownloaded from 

http://stroke.ahajournals.org


References
1. Hacke W, Kaste M, Fieschi C, Toni D, Lesaffre E, von Kummer R,
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G, Caillé JM, Dousset V, Yonas H. Comparative overview of brain
perfusion imaging techniques. Stroke. 2005;36:e83–e99.

227. Latchaw RE, Yonas H, Hunter GJ, Yuh WT, Ueda T, Sorensen AG,
Sunshine JL, Biller J, Wechsler L, Higashida R, Hademenos G; Council
on Cardiovascular Radiology of the American Heart Association.
Guidelines and recommendations for perfusion imaging in cerebral
ischemia: a scientific statement for healthcare professionals by the
writing group on perfusion imaging, from the Council on Cardiovascular
Radiology of the American Heart Association. Stroke. 2003;34:
1084–1104.
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347. Baumgartner C, Gautsch K, Böhm C, Felber S. Functional cluster
analysis of CT perfusion maps: a new tool for diagnosis of acute stroke?
J Digit Imaging. 2005;18:219–226.

348. Cenic A, Nabavi DG, Craen RA, Gelb AW, Lee TY. A CT method to
measure hemodynamics in brain tumors: validation and application of
cerebral blood flow maps. AJNR Am J Neuroradiol. 2000;21:462–470.

349. Ostergaard L, Weisskoff RM, Chesler DA, Gyldensted C, Rosen BR.
High resolution measurement of cerebral blood flow using intravascular

3676 Stroke November 2009

 by on November 18, 2009 stroke.ahajournals.orgDownloaded from 

http://stroke.ahajournals.org


tracer bolus passages, part I: mathematical approach and statistical
analysis. Magn Reson Med. 1996;36:715–725.

350. Ostergaard L, Chesler DA, Weisskoff RM, Sorensen AG, Rosen BR.
Modeling cerebral blood flow and flow heterogeneity from magnetic
resonance residue data. J Cereb Blood Flow Metab. 1999;19:690–699.

351. Wirestam R, Andersson L, Ostergaard L, Bolling M, Aunola JP,
Lindgren A, Geijer B, Holtås S, Ståhlberg F. Assessment of regional
cerebral blood flow by dynamic susceptibility contrast MRI using dif-
ferent deconvolution techniques. Magn Reson Med. 2000;43:691–700.

352. Furukawa M, Kashiwagi S, Matsunaga N, Suzuki M, Kishimoto K,
Shirao S. Evaluation of cerebral perfusion parameters measured by
perfusion CT in chronic cerebral ischemia: comparison with xenon CT.
J Comput Assist Tomogr. 2002;26:272–278.

353. Gillard JH, Antoun NM, Burnet NG, Pickard JD. Reproducibility of
quantitative CT perfusion imaging. Br J Radiol. 2001;74:552–555.

354. Eastwood JD, Lev MH, Wintermark M, Fitzek C, Barboriak DP, Delong
DM, Lee TY, Azhari T, Herzau M, Chilukuri VR, Provenzale JM.
Correlation of early dynamic CT perfusion imaging with whole-brain
MR diffusion and perfusion imaging in acute hemispheric stroke. AJNR
Am J Neuroradiol. 2003;24:1869–1875.

355. Wintermark M, Reichhart M, Cuisenaire O, Maeder P, Thiran JP,
Schnyder P, Bogousslavsky J, Meuli R. Comparison of admission per-
fusion computed tomography and qualitative diffusion- and perfusion-
weighted magnetic resonance imaging in acute stroke patients. Stroke.
2002;33:2025–2031.

356. Lev MH, CT versus MR for acute stroke imaging: is the “obvious”
choice necessarily the correct one? AJNR Am J Neuroradiol. 2003;24:
1930–1931.

357. Lev MH. CT versus MR for acute stroke imaging: is the “obvious”
choice necessarily the correct one? AJNR Am J Neuroradiol. 2003;24:
1930–1931.

358. Mukherjee P, Kang HC, Videen TO, McKinstry RC, Powers WJ,
Derdeyn CP. Measurement of cerebral blood flow in chronic carotid
occlusive disease: comparison of dynamic susceptibility contrast per-
fusion MR imaging with positron emission tomography. AJNR Am J
Neuroradiol. 2003;24:862–871.

359. Coutts SB, Simon JE, Tomanek AI, Barber PA, Chan J, Hudon ME,
Mitchell JR, Frayne R, Eliasziw M, Buchan AM, Demchuk AM. Reli-
ability of assessing percentage of diffusion-perfusion mismatch. Stroke.
2003;34:1681–1683.

360. Ledezma CJ, Wintermark M. Multimodal CT in stroke imaging: new
concepts. Radiol Clin North Am. 2009;47:109–116.

361. Kudo K, Terae S, Katoh C, Oka M, Shiga T, Tamaki N, Miyasaka K.
Quantitative cerebral blood flow measurement with dynamic perfusion
CT using the vascular-pixel elimination method: comparison with
H2(15)O positron emission tomography. AJNR Am J Neuroradiol. 2003;
24:419–426.

362. Kidwell CS, Saver JL, Starkman S, Duckwiler G, Jahan R, Vespa P,
Villablanca JP, Liebeskind DS, Gobin YP, Vinuela F, Alger JR. Late
secondary ischemic injury in patients receiving intraarterial
thrombolysis. Ann Neurol. 2002;52:698–703.

363. Hunter GJ, Silvennoinen HM, Hamberg LM, Koroshetz WJ, Buonanno
FS, Schwamm LH, Rordorf GA, Gonzalez RG. Whole-brain CT per-
fusion measurement of perfused cerebral blood volume in acute ische-
mic stroke: probability curve for regional infarction. Radiology. 2003;
227:725–730.

364. Arakawa S, Wright PM, Koga M, Phan TG, Reutens DC, Lim I,
Gunawan MR, Ma H, Perera N, Ly J, Zavala J, Fitt G, Donnan GA.
Ischemic thresholds for gray and white matter: a diffusion and perfusion
magnetic resonance study. Stroke. 2006;37:1211–1216.

365. Wintermark M, Flanders AE, Velthuis B, Meuli R, van Leeuwen M,
Goldsher D, Pineda C, Serena J, van der Schaaf I, Waaijer A, Anderson
J, Nesbit G, Gabriely I, Medina V, Quiles A, Pohlman S, Quist M,
Schnyder P, Bogousslavsky J, Dillon WP, Pedraza S. Perfusion-CT
assessment of infarct core and penumbra: receiver operating charac-
teristic curve analysis in 130 patients suspected of acute hemispheric
stroke. Stroke. 2006;37:979–985.

366. Koennecke HC. Challenging the concept of a dynamic penumbra in
acute ischemic stroke. Stroke. 2003;34:2434–2435.

367. Rosenthal ES, Schwamm LH, Roccatagliata L, Coutts SB, Demchuk
AM, Schaefer PW, Gonzalez RG, Hill MD, Halpern EF, Lev MH. Role
of recanalization in acute stroke outcome: rationale for a CT
angiogram-based “benefit of recanalization” model. AJNR Am J Neuro-
radiol. 2008;29:1471–1475.

368. Suarez J, Sunshine J, Tarr R, Zaidat O, Selman WR, Kernich C, Landis
DM. Predictors of clinical improvement, angiographic recanalization,
and intracranial hemorrhage after intra-arterial thrombolysis for acute
ischemic stroke. Stroke. 1999;30:2094–2100.

369. Molina CA, Alexandrov AV, Demchuk AM, Saqqur M, Uchino K,
Alvarez-Sabín J; CLOTBUST Investigators. Improving the predictive
accuracy of recanalization on stroke outcome in patients treated with
tissue plasminogen activator. Stroke. 2004;35:151–156.

370. Baird AE, Dambrosia J, Janket S, Eichbaum Q, Chaves C, Silver B,
Barber PA, Parsons M, Darby D, Davis S, Caplan LR, Edelman RE,
Warach S. A three-item scale for the early prediction of stroke recovery.
Lancet. 2001;357:2095–2099.

371. Nighoghossian N, Hermier M, Adeleine P, Derex L, Dugor JF, Phil-
ippeau F, Ylmaz H, Honnorat J, Dardel P, Berthezène Y, Froment JC,
Trouillas P. Baseline magnetic resonance imaging parameters and stroke
outcome in patients treated by intravenous tissue plasminogen activator.
Stroke. 2003;34:458–463.

372. Schellinger PD, Jansen O, Fiebach JB, Heiland S, Steiner T, Schwab S,
Pohlers O, Ryssel H, Sartor K, Hacke W. Monitoring intravenous
recombinant tissue plasminogen activator thrombolysis for acute ische-
mic stroke with diffusion and perfusion MRI. Stroke. 2000;31:
1318–1328.

373. Albers GW. Expanding the window for thrombolytic therapy in acute
stroke: the potential role of acute MRI for patient selection. Stroke.
1999;30:2230–2237.

374. Broderick JP, Lu M, Kothari R, Levine SR, Lyden PD, Haley EC, Brott
TG, Grotta J, Tilley BC, Marler JR, Frankel M. Finding the most
powerful measures of the effectiveness of tissue plasminogen activator
in the NINDS tPA stroke trial. Stroke. 2000;31:2335–2341.

375. Thijs VN, Adami A, Neumann-Haefelin T, Moseley ME, Albers GW.
Clinical and radiological correlates of reduced cerebral blood flow
measured using magnetic resonance imaging. Arch Neurol. 2002;59:
233–238.

376. Kloska SP, Nabavi DG, Gaus C, Nam EM, Klotz E, Ringelstein EB,
Heindel W. Acute stroke assessment with CT: do we need multimodal
evaluation? Radiology. 2004;233:79–86.

377. Nabavi DG, Kloska SP, Nam EM, Freund M, Gaus CG, Klotz E,
Heindel W, Ringelstein EB. MOSAIC: Multimodal Stroke Assessment
Using Computed Tomography: novel diagnostic approach for the pre-
diction of infarction size and clinical outcome. Stroke. 2002;33:
2819–2826.

378. Baird AE, Benfield A, Schlaug G, Siewert B, Lövblad KO, Edelman
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