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Summary: Since the introduction of thrombolytic therapy as the
foundation of acute stroke treatment, neuroimaging has rapidly
advanced to empower therapeutic decision making. Diffusion-
weighted imaging is the most sensitive and accurate method for
stroke detection, and, allied with perfusion-weighted imaging, pro-
vides information on the functional status of the ischemic brain. It
can also help to identify a response to thrombolytic and neuropro-
tective therapies. Additionally, multimodal magnetic resonance
imaging, including magnetic resonance angiography, offers infor-
mation on stroke mechanism and pathophysiology that can guide

long-term medical management. Multimodal computed tomogra-
phy is a comprehensive, cost-effective, and safe stroke imaging
modality that can be easily implemented in the emergency ward
and that offers fast and reliable information with respect to the
arterial and functional status of the ischemic brain. Accessibility,
contraindications, cost, speed, and individual patient-determined
features influence which is the best imaging modality to guide
acute stroke management. Key Words: Stroke, cerebral infarc-
tion, computed tomography, magnetic resonance imaging,
positron emission tomography, spectroscopy.

INTRODUCTION

In the decade revolutionized by thrombolytic treat-
ment of acute ischemic stroke, neuroimaging has become
one of the most powerful tools in cerebrovascular disease
therapy and can offer neurologists and emergency phy-
sicians critical information for proper management of
acute stroke patients, such as:1,2

1. Accurate identification of ischemic stroke (exclu-
sion of hemorrhage and stroke mimics).

2. Identification of arterial stenoses and occlusions.
3. Prediction of likely stroke severity, i.e., differenti-

ating large infarcts in eloquent regions from smaller in-
farcts in “silent” brain regions.

4. Identification of patients with vascular lesions ame-
nable to endovascular or surgical treatments.

5. Assessment of persistent abnormal perfusion and
arterial occlusion versus reperfusion and arterial recana-
lization after therapy, and visualization of the collateral
arterial blood flow.

6. Insight into the possible mechanisms of stroke, di-
recting long-term preventive strategies.

Research is currently underway to enable clinicians to

emergently identify tissue that has already infarcted from
ischemic tissue still salvageable by reperfusion strate-
gies. We will now outline the main imaging modalities
presently available for stroke imaging and their individ-
ual strengths and potential pitfalls. Special attention will
be given to x-ray computed tomography (CT) and mag-
netic resonance imaging (MRI), which are currently the
most frequently used techniques in acute stroke assess-
ment.

NEUROIMAGING MODALITIES

Positron emission tomography
The reader is referred to an excellent review on PET

imaging that has been published separately in the current
volume.3 Due to its ability to quantitatively measure
important metabolic variables, PET is considered the
gold-standard imaging method to assess definitive neu-
ronal loss and potentially salvageable tissue (penumbra)
in brain ischemia. With PET parameters, the ischemic
penumbra has been shown to have reduced cerebral
blood flow (CBF), elevated oxygen extraction fraction,
normal oxygen metabolic rate (CMRO2), and preserved
11C-flumazenil (FMZ) binding. Thresholds for tissue vi-
ability have been determined with measurements of CBF
and CMRO2, but a potential limitation to the use of these
cojoined variables is the need for arterial blood sampling.

Address correspondence and reprint requests to Walter J. Koroshetz,
M.D., Massachusetts General Hospital, Department of Neurology-
VBK 915, 55 Fruit Street Boston, MA 02114-2622. E-mail:
wkoroshetz@partners.org.

NeuroRx�: The Journal of the American Society for Experimental NeuroTherapeutics

Vol. 2, 265–276, April 2005 © The American Society for Experimental NeuroTherapeutics, Inc. 265



11C-FMZ is a marker of cortical neuronal integrity and
can reliably offer relative quantitative thresholds for cor-
tical ischemic injury.4 Compared with diffusion-
weighted imaging (DWI), 11C-FMZ is equivalent in the
prediction of cortical ischemic infarction but has a lower
probability of false positives than DWI.5 Another tracer
that has been used in PET stroke imaging is 18-F-flu-
oromisonidazole. It binds preferentially to hypoxic but
viable tissue in the periphery of the infarct or in close
peri-infarct regions.6 The main limitation to the use of
PET in stroke assessment is its limited availability in
most stroke centers, particularly in the emergency set-
ting. The main advantage is its ability to map important
metabolic consequences of abnormal perfusion, i.e.,
ischemia.

X-ray computed tomography
The advantages of CT scanning of brain ischemia and

infarction are its speed, cost effectiveness, widespread
availability, and ability to identify clinically significant
hemorrhage. Recently, an expanded CT imaging proto-
col improved the ability to detect early ischemic changes
(EIC). Noncontrast CT (NCCT), together with CT an-
giography (CTA), has been shown to be a safe, feasible,
and fast method (on and off the table in less than 30 min)
to image the large vessels both intra- and extracranially
and identify EIC.7 Safety has improved with the advent
of nonionic contrast materials: in an experimental animal
model, nonionic contrast agents did not affect infarction
volume or neurological performance in the acute phase

of middle cerebral artery (MCA) stroke;8 in a case con-
trol study, Palomaki et al.9 reported that the use of non-
ionic contrast agents in acute stroke did not affect clin-
ical outcomes; Smith et al.7 have demonstrated the safety
profile of a NCCT/CTA protocol for acute stroke pa-
tients.

Noncontrast CT
NCCT is usually the first neuroimaging examination

performed in acute stroke assessment. In addition to
detecting hemorrhage, modern NCCT can reveal EIC,
such as: hypoattenuation of the parenchyma and gray
matter with loss of gray-white differentiation (insular
ribbon sign, obscuration of the lentiform nucleus, brain
swelling with sulcal effacement) and compression of the
ventricular system and basal cisterns, the dense artery
sign and the MCA-dot sign (FIGS. 1, a–c, and 3a).10–13

EIC have been reported in 31–53% of cases within 3 h of
stroke onset.14,15 Physiologically, the NCCT hypodensi-
ties of acute infarction represent water uptake in the
ischemic brain tissue as shown in a recent rat model
study of MCA occlusions, in which a 1% increase in net
brain water content corresponded to a reduction in x-ray
attenuation of 1.8 Hounsfield units (HU).16 CT hypoat-
tenuation has a significant correspondence to critically
hypoperfused tissue as seen by PET.17 These early hy-
podensities have been shown to have a positive predic-
tive value for stroke as seen on follow-up CT scans of
87%.14 A hyperdense MCA (HMCA) sign and the more
recently described MCA-dot sign are less sensitive for

FIG. 1. Seventy-nine-year-old right-handed female, with 5 h onset of left-sided hemiplegia and neglect, right gaze preference,
NIHSS � 15. This figure demonstrates EIC. a) Dense vessel sign in projection of right M1 branch (arrow); b) Right insular ribbon sign
(arrow). c) Hypoattenuation of right lentiform nucleus (arrow). Panels d–f are the corresponding CT angiography source images
demonstrating increased conspicuity of the EIC seen in this patient. Note the filling defect of the right M1 branch in panel d (arrow).
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angiographic MCA occlusions (39% and 38% sensitiv-
ity, respectively) although highly specific (95% and
100% specificity, respectively).18

Different approaches have been proposed for proper
assessment of EIC, due to their implications for patient
outcome and triage to thrombolysis. The �1/3 MCA
territory rule is controversial but has been extensively
used in clinical practice to exclude patients for thrombo-
lytic treatment.19 In the ECASS I study, a more than
one-third MCA territory hypodensity corresponded to a
higher risk of fatal hemorrhage after thrombolysis and
worse clinical outcomes, although the timeframe for
thrombolysis was extended and a higher dose of recom-
binant tissue plasminogen activator (rt-PA) was used
than in the National Institute of Neurological Disorders
and Stroke (NINDS) trial.1,19,20 In the NINDS rt-PA
trial, in which patients received thrombolysis within 3 h
of stroke onset, patients with early CT signs of ischemia
were still more likely to have good outcomes than pa-
tients who received placebo, even if the EIC were more
than one-third of the MCA territory.14,20 Although the
HMCA sign was associated with poor clinical outcome
in ECASS I, these patients were more likely to have good
neurological recovery if treated with rt-PA than place-
bo.19–21 In patients with MCA occlusions, the presence
of EIC (within 5 h) can have positive predictive values
for fatal outcomes ranging from 32% for HMCA sign to
85% for hypodensity involving more than one-half the
MCA territory.22 Early hypoattenuation of more than
one-half of the MCA territory is an independent predic-
tor of malignant infarction and neurologic deteriora-
tion.23,24

The more recent Alberta Stroke Programme Early CT
Score (ASPECTS) is a method of quantifying EIC in
MCA strokes in 10 different regions in which, from a
maximum total score of 10, one point is deducted for
each region presenting EIC.25 Baseline ASPECTS in
MCA strokes within 3 h correlate inversely with the
severity of the NIH stroke scale (NIHSS) and with func-
tional outcome.25 Patients with a baseline ASPECTS

greater than 7 that receive intra-arterial thrombolysis
have significantly more independent functional outcomes
at 90 days than patients with baseline ASPECTS of 7 or
less.26

EIC detection can be enhanced by using more narrow
windows with soft-copy image interpretation, improving
the sensitivity for EIC detection from 57% with standard
window settings (center level setting of 20 HU and win-
dow-width of 80 HU) to 71% with high-contrast settings
(center level setting of 28-36 HU and window-width of
1-30 HU), without loss of specificity.27

Whole brain CT perfusion imaging
An important advance in stroke imaging is the devel-

opment of CT perfusion imaging (CTP) facilitated by the
conversion to fast helical CT machines. After a bolus
infusion of intravenous contrast, two data sets are ob-
tained: 1) quantitative maps of mean transit time (MTT),
CBF, and cerebral blood volume (CBV), constructed
from single 2-cm slabs of brain tissue per bolus of CT
dye; and 2) raw images for CTA.28 The latter early
contrast-enhanced images of whole brain we term
“whole brain perfused blood volume” or “CTA-source
images” (CTA-SI). In this technique, a 90–120 ml bolus
of IV contrast material, infused at a rate of 2.5–3 ml/sec,
provides a steady state of the contrast during scanning.
Images are obtained in two sequential acquisition
groups: first, from the skull base to the vertex during
maximum contrast enhancement, for whole brain perfu-
sion imaging and the intracranial angiogram; second,
from the aortic arch to the skull base, for imaging of the
extracranial arteries.29

Contrast-enhanced images have better signal differ-
ence between normal and ischemic brain tissue than
NCCT, showing increased conspicuity of the infarcted
tissue (FIGS. 1, d–f, and 3b).28 Physiologically, CTA-SI
represents cerebral blood volume that is reduced in the
core infarct and correlates with infarct volume as seen on
DWI and follow-up NCCT (FIG. 3, b and c).30–32 How-
ever, in a study comparing PET assessment of critical
cortical hypoperfusion with CTA-SI, there was inaccu-
racy in the assessment of the volumes of critical perfu-
sion deficits by means of CTA-SI.33

CTA-SI can help predict outcome after intra-arterial
thrombolysis: successfully recanalized patients show a
linear correlation between initial CTA-SI volumes and
final infarct volume, whereas, for unsuccessful treatment,
the final infarct volume is greater than on initial CTA-
SI.30 Although exceptions occur, these data suggest that
the lesion on CTA-SI is closely associated with the isch-
emic “core.” In this way, the CTA-SI abnormality par-
allels the DWI abnormality on MRI. Both are signatures
of significant ischemic injury but in some exceptional
circumstances can be reversed by reperfusion. It has been
shown that normalized perfusion cerebral blood volumes

FIG. 2. Seventy-six-year-old male, presenting recurrent tran-
sient episodes of right-sided weakness and word-finding diffi-
culties. CTA shows moderate to severe stenosis of the left in-
ternal carotid artery (arrows), which is better visualized on the
axial source-images (a) than on the MIP images (b).
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FIG. 3. Multimodality imaging in acute ischemic stroke. Top panel demonstrates obscuration of the caudate and putamen (arrows) in
a patient with right hemiparesis and aphasia on noncontrast CT (a). CTA source image shows decreased vascular signal in the territory
of the lenticulostriates (arrows) in the left hemisphere with increased vascular signal in the overlying cortex (b). DWI shows injury pattern
(arrow) in the region that is abnormal on the CTA source images (c). Second panel demonstrates single slab CT perfusion study with
low CBV (arrow) in the region abnormal on the DWI and CTA source image (d). MTT (e) and CBF (f) are abnormal throughout the left
hemisphere congruous with the clinical deficit (arrows). Third panel demonstrates MR perfusion with CBV (g), MTT (h) and CBF (i)
with findings identical to those demonstrated with CT perfusion (arrows). Bottom panel demonstrates the vascular lesions. Panel
j is a CTA of the extracranial carotid showing beak like tapering characteristic of carotid dissection (arrow). Panel k is a digital
subtraction angiogram of the left carotid. Panel l is a MR angiogram demonstrating the same arterial obstruction in the left internal
carotid artery (arrow). Panel m is a thick CT slice taken after a bolus of CT dye demonstrating the left middle cerebral artery clot
on the coronal image (arrow). Note that there is no computer reconstruction, only a thick CT slice, which is available within 2–5
min of imaging. Panel n shows the final infarct that evolved to include the entire region that was abnormal on MR and CT bolus
tracking perfusion scans (arrows).
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at a threshold of 72% of the contralateral side have 11%
probability of evolving to infarction, whereas at a thresh-
old of 52%, there is a 75% probability of infarction. A
major advantage of CTA-SI is that computer processing
is not necessary and the images are available immedi-
ately; in addition, the raw images for CTA are captured
during the same scanning protocol.

Quantitative brain CT perfusion imaging
Innovative technology now makes it possible to obtain

information about brain perfusion tissue through bolus-
tracking contrast CT, such as CBF, CBV, and MTT.
These three parameters are under study for their ability to
distinguish infarcted tissue from potentially salvageable
penumbra. Ischemic but noninfarcted tissue will have
decreased CBF, elevated MTT, and normal or high CBV.
Once infarcted, there will also be a persistent decrease in
CBV.34

Quantitative CTP can be obtained before or after CTA.
Contrast must be infused at least at 4–10 ml/s through a
large peripheral vein. CTP acquisition relies on the speed
of helical scanners, which can image faster than one
slice/sec and, therefore, can trace the contrast as it enters
and washes out of a 2-cm slab of brain tissue. As op-
posed to MRI, there is a linear relationship between
contrast concentration and signal intensity in HU. Con-
trast time-concentration curves are generated in an arte-
rial region of interest, to provide the arterial input func-
tion (AIF). This is used to deconvolve the CBF in each
pixel from the tissue time-concentration curve. CBV is
the integral of the concentration-time curve, and MTT
can be calculated from the central volume principle
(CBV� CBF � MTT). The bolus tracking technique has
difficulty differentiating effects due to delay or disper-
sion of the contrast bolus as compared to changes in the
rate of blood flow.

The main limitation of this method is that its coverage
is currently limited to one 2-cm slab of brain per bolus.

With new generations of multidetector CT scanners, cli-
nicians can anticipate CTP in thicker brain sections. Still,
clinical knowledge of the most probable affected brain
region should guide the selection of the brain slab to be
scanned for CTP. Typically, the level of the basal ganglia
is chosen because it is representative of the three main
supratentorial arterial territories of the brain and because
it contains an artery large enough to be used to calculate
the AIF.29 Using the “toggling-table” technique, one can
increase the anatomic coverage of CTP: during contrast
bolus infusion, the scanner alternates between two dis-
tinct 2-cm regions, thus covering almost the full MCA
territory, despite compromising temporal resolution.35

Another approach is to repeat scanning at a second level
after infusion of a second contrast bolus.31 Recently, it
has been shown that, by applying increased temporal
scanning intervals with progressively higher doses of
contrast agent, one can reduce the radiation dose without
altering quantitative CTP assessment.36 CTP measure-
ments of CBF have excellent correlation with xenon-CT-
CBF and single-photon emission CT (SPECT)-CBF
maps in cerebrovascular diseases.37,38 CTP maps have a
sensitivity of 93% for hemispheric territorial infarcts but
may miss brainstem and lacunar strokes.39 In acute
stroke, using perfusion parameters with normalization to
the unaffected contralateral hemisphere may show sig-
nificant decreases in CBV and CBF and increases in
MTT; in transient ischemic attack (TIA) patients, there
may be reductions in CBF and increases in MTT, with
normal CBV.40

CTP maps help predict outcomes in acute ischemic
stroke. CBV below certain thresholds is a strong predic-
tor of infarction despite recanalization.31 CBF below
certain thresholds is a strong predictor of infarction in the
absence of recanalization.31 The mismatch between the
CBF lesion and the small CBV lesion may be an indi-
cator of tissue at risk. Within 12 h of stroke onset,
CT-CBV abnormalities have a significant correlation
with initial DWI and apparent diffusion coefficient
(ADC) defects, as do normalized abnormal MTT and
CBF values.41,42 However, CBV as measured with MRI-
perfusion-weighted imaging (PWI) maps have a more
significant correlation with DWI volumes.41 Other au-
thors have shown a direct correlation between all param-
eters of CT-CTP and PWI (Fig. 3, d–i).32

CT angiography
As described previously, with new helical and multi-

detector CT scanners it is possible to image the intracra-
nial and extracranial arteries immediately after one bolus
infusion of contrast and to obtain high-quality angio-
grams, which can be analyzed directly on raw axial
source-images or on arterial reconstructions. Recon-
structed images are generated using collapsed views of
the imaging data, such as maximum intensity pixel (MIP)

FIG. 4. Fifty-five-year-old right-handed female, with a previous
history of atrial fibrillation, presented with sudden onset of left-
sided weakness and dysarthria. MRI obtained 3 h after ictus
shows: DWI bright lesion (a) in the right posterior parietal region,
suggestive of an acute infarct (arrow). b: Corresponding axial
FLAIR image demonstrates multiple subcortical white matter
hyperintensities, suggestive of previous vascular insults.
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projections. The combined analysis of these two sets of
images provides fast, noninvasive information about the
arterial status in stroke patients.43 Compared to gold-
standard digital subtraction angiography (DSA), CTA is
highly specific (98%), sensitive (98.4%), and accurate
(99%) for the detection of intracranial stenoses or
thrombi in stroke patients, with adequate inter-rater re-
liability.43,44 Intracranial CTA false positives have been
reported, but it is debated whether these could be due to
interval autolytic or mechanical lysis of thrombi during
DSA.43 Visualization of distal occlusions is limited with
this method and is one of its major pitfalls. As for the
assessment of carotid artery disease, a recent metanalysis
comparing CTA with DSA showed CTA sensitivity and
specificity of 85% and 93%, respectively, for high-grade
carotid stenosis, and 97% and 99%, respectively, for
carotid occlusion.45 Three-dimensional (3D) arterial re-
constructions contribute to the detection of carotid dis-
ease, but raw CTA-SI are more accurate for the assess-
ment of any degree of stenosis (FIG. 2).46

In patients who have contraindications to the use of
iodinated dyes, gadolinium-enhanced CTA can alterna-
tively be obtained.47 Bone artifacts can impede proper
assessment of raw CTA-SI, especially when reviewing
disease of the vertebral arteries.48 Nonetheless, CTA is
now recognized as a first-choice, noninvasive tool in
patient selection for thrombolysis.

Multimodal CT protocol
With the combined use of all the above mentioned CT

modalities, one can obtain almost all the critical infor-
mation needed for acute stroke therapy. The stepwise
protocol that is used at our institution is:

1) NCCT: this first CT exam will help differentiate
hemorrhagic from probable ischemic stroke and can re-
veal EIC which may or not contra-indicate acute throm-
bolysis.

2) CTA-SI and CTA: the second CT exam to be ac-
quired; the raw CTA-source images can increase the
conspicuity of the ischemic or already infarcted brain
tissue. Just by reviewing the raw CTA-SI thick slices,
one can search for large vessel arterial occlusions before
the reconstructed CTA images are processed (FIG. 3m).
Immediately after the CTA-SI is done, CTA arterial re-
constructions (MIPS) can be obtained within 15–20 min
and help to better localize intra- or extracranial arterial
obstructions or occlusions.

3) CTP: immediately after CTA scanning and after a
quick review of the thick CTA-SI images for arterial
occlusions, the contrast-bolus CTP is obtained. The slice
is chosen according to the presumed arterial territory
involved. The decision is based both on the previous
neuroimaging results and the clinical presentation. Thus,
the chance of scanning at the correct level of a cerebral
perfusion deficit is increased. Information about CBV/

CBF or CBV/MTT mismatches will also be important in
therapeutic decision making. Trials are in progress to test
whether intravenous thrombolytic agents provide benefit
to patients with “mismatch,” even as long as 9 h after
stroke onset.

This entire neuroimaging protocol can take up to
10–15 min to be obtained and an additional 20 min are
required for the processing of the MIPS and CTP maps.

Xenon-enhanced CT
A variant CT technique can be used to assess cerebral

perfusion using xenon as a contrast agent. Xenon CT is
obtained initially with the inhalation of stable xenon, an
inert gas mixture of 28% xenon and 72% oxygen, which
diffuses through the lung capillaries, reaches equilibrium
in the blood and subsequently diffuses to bodily tissues.
Dynamic CT brain scanning is performed during wash-
out of xenon, and changes in brain attenuation during this
process can be seen, producing quantitative and accurate
CBF maps.49 This method requires good patient cooper-
ation to perform xenon inhalation. In addition, rare side
effects can occur, such as decreased respiratory rate,
headache, nausea, vomiting and seizures.

Magnetic resonance imaging
Diffusion-weighted imaging. MRI has clearly been

the most extraordinary new marker for stroke imaging in
the past decade, mainly due to DWI and PWI. The tech-
nological foundation of DWI, PWI, and other advance
MRI techniques has been reviewed separately in the
current volume.42 In ischemic tissue, there is movement
of water into cells that results in an overall reduced
Brownian motion of water molecules. This is seen early
on DWI images as hazy, hyperintense signals. DWI com-
bines the T2-bright signal intensity seen in cytotoxic
edema with additional hyperintensity due to decreased
water diffusibility. Therefore, it is necessary to analyze
maps of ADC to distinguish the effects of reduced water
diffusibility (dark on ADC) from T2 “shine-through”
(bright on ADC). Both features lead to the DWI bright
signals seen in ischemia. As a result, infarcts on DWI
have a very high signal to noise ratio. Because of a
progressive increase in their T2 component, they tend to
become progressively more intense within the first few
days of stroke. After 1–2 weeks, ADC normalizes and
then increases in the infarct; hence diffusion imaging
not only serves as a sensitive detector of infarction but
also tracks it temporally as a recent event (FIG. 4).

Sensitivity and specificity of DWI for stroke detection
is very high. In a study of serial acute stroke patients, 411
underwent DWI imaging a mean 1.3 � 2.2 days after
stroke onset, and DWI showed 94% sensitivity and
96.6% specificity for stroke detection. In the subset of
patients who underwent DWI within 6 h of stroke (122
patients), DWI was 97.3% sensitive and 100% specific
and had much higher accuracy than CT and conventional
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MRI. However, after 12 h, accuracy of DWI imaging
was comparable with that of CT. There were 21 false-
negative DWI examinations in this study of which, after
review, eight might have represented very early isch-
emia.50 In another study of 22 patients who underwent
MRI and CT within 6 h of stroke-like symptoms (eight
were stroke mimics), sensitivities and specificities for
stroke detection were, respectively, 100% and 86% for
DWI, 18% and 100% for conventional MRI, and 45%
and 100% for CT.51

The occurrence of false-negative DWI in stroke was
reviewed in a cohort of 27 patients with acute stroke-like
symptoms and negative initial DWI, of which 17 (63%)
had a final discharge diagnosis of stroke/TIA and six had
follow-up imaging confirmation of infarction. Among
these six strokes, three were lacunar and three were
large-artery territory cortical infarctions, which at stroke
onset presented abnormal MTT and CBF maps with nor-
mal CBV.52

DWI can also help identify the mechanism of stroke in
some cases. In a study of 62 acute stroke patients pre-
senting with classic lacunar syndromes, Ay et al.53 found
that 10 (16%) had multiple infarcts on DWI, and in four
cases these involved multiple arterial territories; patients
with multiple infarcts more frequently harbored an un-
derlying embolic source than did patients with a single
ischemic lesion. In a prospective study of 19 patients
with a classic lacunar syndrome, alternate diagnoses
(cortical, subcortical and restricted striato-capsular in-
farcts) were confirmed in 13 cases by the finding of
multiple small embolic lesions.54 A larger study evalu-
ated acute multiple brain infarcts as seen on DWI within
4 days of symptoms onset with relation to stroke mech-
anism in an Asian population; large-artery occlusion was
significantly associated with multiple lesions in one or
both sides of the anterior circulation or in the posterior
circulation; cardioembolism was significantly associated
with lesions in both anterior and posterior circulations;
and small vessel occlusions were significantly and ex-
clusively related to multiple lesions in both sides of the
anterior circulation.55 Similar results have been repli-
cated in a North American population.56

DWI bright signals do not necessarily represent irre-
versibly infarcted tissue but reflect redistribution of wa-
ter from the extracellular to the intracellular space in
ischemic tissue. Thresholds for infarction are also depen-
dent upon duration and degree of ischemia, occurring at
higher CBF levels with progressively prolonged isch-
emia.57 DWI reversibility immediately after early arterial
reperfusion has been demonstrated in both animal mod-
els and in human MCA stroke, and correlates with clin-
ical improvement in humans.58,59 However, in some
cases, the DWI reversal is only temporary.59 Without
arterial reperfusion, the DWI lesion will progressively
enlarge over the first few days.60,61 DWI normalization

occurs more frequently in the white matter and basal
ganglia and is less likely to occur if there is a more severe
initial drop in ADC.62

Perfusion-weighted MR imaging. MR perfusion
weighted imaging is an important technological advance-
ment in stroke imaging which, combined with DWI,
provides highly relevant homodynamic information used
for therapeutic decision-making in acute stroke.42 Com-
bined DWI/PWI can also be a means of monitoring novel
neuroprotective approaches.

Similar to CTP described above, bolus-tracking PWI is
obtained using high-injection rate (5 cc/sec) echo planar
imaging which can measure the passage of an intrave-
nous bolus of paramagnetic contrast, such as gadolinium,
through the capillary bed.63 Due to the high concentra-
tion of the contrast agent, T2 and susceptibility effects
cause signal changes that can be visualized. To obtain
adequate PWI maps, the AIF should ideally be obtained
from the artery supplying the tissue at risk. This can be
technically challenging, and the use of an inadequate AIF
can increase the MTT, thus overestimating the tissue at
risk of infarction.64 Echoplanar MR imaging is so fast
that PWI can assess the hemodynamic status of the entire
brain. To obtain more prompt semiquantitative measures,
researchers compare the ischemic tissue with the con-
tralateral unaffected hemisphere. PWI parameters have
sensitivities for stroke assessment of 74–84% (higher for
CBF and MTT) and specificities of 96% for CBF and
MTT, and 100% for CBV.65

The volumetric mismatch between the PWI and DWI
volumes is a marker of potentially salvageable tissue at
risk.66 Natural history studies show that in patients with
mismatch, the DWI lesion will usually expand into the
larger PWI lesion if reperfusion does not occur.60,67,68

This model has prompted the pursuit of therapies to
prevent expansion of DWI lesions in patients with a clear
DWI/PWI mismatch, even after the 3-h window for
thrombolysis. DWI/PWI mismatch has been reported in
up to 86.3% of acute stroke patients.69 Patients with
mismatch have been selected for trials of reperfusion
therapy after 3 h.69a In patients with small subcortical
lesions, the mismatch model does not seem to be of value
because initial CBF lesions have been shown to be
smaller than the corresponding ADC lesions.70 In pa-
tients with known large artery occlusion, a large “core” is
such a strong predictor of poor outcome that the presence
of mismatch may not be clinically relevant.71

Much debate revolves around which PWI parameter
can better assess the severity and extent of ischemia and
thus predict response to thrombolysis in acute stroke.
Initial CBV volumes correlate more closely with the final
stroke volume and with initial DWI.65,72 Therefore, mis-
match is classically calculated comparing DWI with
MTT or CBF maps. MTT and CBF commonly have a
smaller correlation with final infarct volume than DWI
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and CBV, and usually overestimate the final infarct vol-
ume (FIG. 3, g–i).65,68,72

Although sensitive to perfusion abnormalities, PWI
lacks specificity. By normalizing PWI parameters rela-
tive to the opposite hemisphere, researchers have en-
gaged in defining thresholds to define core, infarcted
tissue, penumbra that infarcts, and penumbra that does
not infarct. CBF appears to be the best parameter in this
respect. It has been shown that normalized CBF in the
core ranges from 0.26–0.32; for penumbra that infarcts
ranges are 0.42–0.46; and for penumbra that remains
viable, 0.58–0.62.73,74 Grandin et al.75 found that within
6 h of stroke, the combined thresholds of CBF 35 ml/
min/100 � g and CBV of 8.2% were markers of evolu-
tion to infarction, with 81% sensitivity and 76% speci-
ficity, and that normalized MTT was always prolonged
but not specific for prediction of tissue outcome. Thresh-
old variability can be due to degree, duration, and loca-
tion of ischemia, besides methodological inconsistencies.
Conversely, other authors advocate the use of MTT as a
marker for tissue viability.76–78 It has been shown that a
time to peak or MTT more than 4–6 sec has a significant
correlation with final infarct volume in acute stroke.77,78

The clinical application of this extraordinary technol-
ogy aims at defying the present timeframe for thrombo-
lytic therapy, and many studies have addressed this. Par-
sons et al.77 demonstrated that, in stroke patients with a
DWI/PWI mismatch, final stroke volumes and clinical
outcomes are significantly improved as compared with
control stroke patients. This effect was most pronounced
in mismatch tissue with MTT �6 s. Butcher et al.76

found that MTT was the most sensitive parameter for the
prediction of tissue outcome in nonreperfused infarcts
and that severe decreases in MTT were the best measure
of response to reperfusion. Current clinical trials are
underway investigating whether patients with mismatch
benefit from intravenous thrombolytic therapy after 3 h
from stroke onset.69a

The use of PWI parameters has been advocated to
evaluate response to therapy. Chalela et al.79 found that
a reduction of 30% of initial MTT volumes 2 h after
intravenous rt-PA was an early marker of long-term ben-
efit of thrombolytic therapy. PWI can be predictive of
outcomes even in the subacute phase of stroke, such as in
monitoring response to induced hypertension with ob-
served changes in the volumes of MTT maps.80

Susceptibility-weighted MRI (SWI). Susceptibility-
weighted MRI utilizes magnetic artifacts generated by
inhomogeneities of the magnetic field. Deoxyhemoglo-
bin produces a nonuniform magnetic field, which ac-
counts for signal changes seen in acute hemorrhages and
for the blood oxygen level-dependent effect. With SWI,
intraparenchymal hemorrhages can be seen within the
first hour of bleeding, with high sensitivity and accura-
cy.81,82 SWI enables the visualization of multiple cere-

bral microbleeds, which have been shown to be a risk
factor for intracranial hemorrhage after stroke, both with
and without thrombolytic therapy.83–85 How the pres-
ence of microbleeds seen on SWI should affect decisions
to use thrombolytic agents has not been settled. Cur-
rently, SWI microbleeds should not be considered a con-
traindication to thrombolytic therapy in acute stroke.
SWI is more reliable than CT in diagnosing intracranial
hemorrhage after intra-arterial thrombolysis when CT
hyperdensities may be due to dye extravasation and/or
blood.86 Such information is highly significant in decid-
ing when to institute antithrombotic therapy after endo-
vascular procedures. Despite its high sensitivity for ce-
rebral hemorrhage, studies are lacking that correlate SWI
lesions, not seen on T2 MRI or CT scans, with clinically
significant hemorrhage. SWI has other emerging appli-
cations for stroke imaging that surpass the scope of this
manuscript. The interested reader is referred to the ex-
cellent review by Hermier and Nighoghossian.82

Magnetic resonance angiography. As with CT, MRI
can provide high-quality assessment of intra- and ex-
tracranial macrovascular status in stroke. Time-of-flight
(TOF) Magnetic resonance angiography (MRA), a gra-
dient-echo technique, makes it possible to visualize the
arterial lumen. 3D-TOF is preferred over two-dimen-
sional (2D)-TOF because of its better signal-to-noise
ratio and lower sensitivity for flow-voids. Axial images
are reconstructed rendering maximum intensity projec-
tions of the arteries (FIG. 3l). Images can be additionally
empowered by a true flow effect with the use of gado-
linium. Compared with DSA, 2D- and 3D-TOF MRA
appear adequate for the diagnosis of carotid artery ste-
nosis: sensitivity and specificity are 95% and 90%, re-
spectively, for high grade stenosis, and 98% and 100%
for complete carotid occlusion.87 Some authors have
shown, however, that 3D TOF flow-void detection
thresholds vary according to the echo time chosen for the
TOF pulse sequence, and the imaging hardware and soft-
ware used could also interfere with these results.88 An
important limitation of MRA is its limited capacity for
the evaluation of leptomeningeal collaterals.

Accuracy for diagnosis of severe carotid stenosis
seems to be similar for both gadolinium-enhanced MRA
and 3D-TOF MRA.89 MRA has been shown to overes-
timate the degree of arterial stenosis as compared with
other angiographic and ultrasound methods. However,
for intracranial stenosis, there is a suggestion that gado-
linium MRA is superior to conventional MRA in depict-
ing low arterial flow and avoiding overestimation of
vascular obstructions.90

Magnetic resonance spectroscopy
Magnetic resonance spectroscopy (MRS) is a nonin-

vasive imaging method that can assess the concentration
of biochemical markers of the brain in various disease
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states, including stroke. A comprehensive review of
MRS, including technologic foundations and clinical ap-
plications is provided separately in the current volume.91

The more commonly measured chemicals are: 1) Lactate
(Lac): produced in anaerobic metabolism, therefore a
strong marker of cerebral ischemia, which may be per-
sistently elevated in the chronic phase of stroke; 2) N-
acetylaspartate: a marker of neuronal integrity, decreases
in concentration in the acute stroke phase and may be
persistently decreased in the subacute period; 3) Choline
(Cho): present in lipids and increased in gliosis, and may
both increase and decrease in acute stroke. Preliminary
MRS data suggest that there may be pronounced meta-
bolic variability within very low ADC regions in acute
stroke. This may be a biochemical link to the reversible
DWI phenomenon.92,93 Tissue viability may also be
identified through Lac concentrations in the penumbral
region.92 MRS can also help predict stroke outcome:
acute stroke Lac/Cho ratios within the infarct core have
been shown to have better correlations with final infarct
volumes and clinical outcomes than DWI volumes.94

Diffusion tensor imaging. Diffusion tensor images
(DTI) are composed of vectors that indicate the multiple
directions of white-matter tracts.42 With the constraint of
water diffusibility due to ischemia, water will preferen-
tially diffuse along axons in the white matter. The direc-
tion of water diffusion can be estimated on a voxel-by-
voxel basis, generating vector maps of white matter
tractography. Despite its limited applicability in the eval-
uation of hyper-acute stroke, DTI can be useful in the
evaluation of the effects of Wallerian degeneration, pre-
cise localization of subcortical strokes, prediction of
stroke recovery, and planning rehabilitation in subcorti-
cal ischemia.95–97

CONCLUSIONS

Clearly, with the multiple imaging modalities avail-
able to date, it is possible to attend to the main goals of
stroke imaging, as mentioned in the Introduction. Strokes
can be well identified with multimodal CT, but DWI
remains the most powerful and accurate method for
stroke identification. Arterial occlusions are seen with
CTA as well as with MRA. Both CTA and MRA are
highly reliable, noninvasive methods to verify the results
of thrombolytic therapy. CTP and DWI/PWI can rapidly
provide functional information about brain perfusion and
thus guide antithrombotic and neuroprotective strategies.
Quantitative CTP is limited to a single slab of tissue per
bolus, whereas MRI can provide whole brain CBF, CBV,
and MTT. The goal of perfusion imaging is to reliably
identify and distinguish brain tissue that is ischemic and
will develop infarction without a specific intervention
from brain tissue that is already damaged and cannot
escape infarction.

Stroke imaging is still in its infancy, but advancements
in this area are certain to guide therapeutic decision
making in the near future. Studies are desperately needed
to demonstrate whether advanced neuroimaging im-
proves patient outcome in stroke.
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