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schemic stroke is a dynamic process, and the term
stroke in evolution precisely underscores this
dynamism. Individuals respond differently to an
ischemic insult, and the rate at which the stroke pro-

gresses or evolves varies from patient to patient. A diag-
nostic test, which can increase confidence in selecting
patients for treatment, may result in better outcomes by
administering therapy to those with the maximum likeli-
hood of recovery and excluding those in whom treat-
ment may be detrimental or futile. The progression of
ischemia to irreversible brain damage is multifactorial.1

The severity and duration of ischemia, the area of brain
involved, and the oxygen content of blood are all factors
that have an important bearing on how rapidly the
ischemic injury becomes irreversible.2 These factors are
not constant; instead, individuals vary in their capacity to
tolerate an ischemic insult. 

The most widely used imaging modality in acute stroke
is a noncontrast computed tomography (NCCT) scan of
the brain. Although this modality is very sensitive in
excluding hemorrhage,3 it is insensitive in reflecting the
functional state of the brain pertaining to its perfusion.
Despite recognition of early ischemic signs,4-6 sensitivity
of NCCT remains poor in evaluating stroke within the
therapeutic window of 3 hours7 and does not substantial-
ly change when extended to 6 hours.8 Furthermore, once
ischemic changes are recognized on the NCCT, they go on
to complete infarction with a very high probability.9 Since
the National Institute of Neurological Disorders and
Stroke (NINDS) trials were first published, imaging
modalities for assessment of brain perfusion and nonin-
vasive angiography have been developed and are increas-
ingly becoming part of stroke assessment at tertiary
centers.10

PERFUSION IM AGING
Perfusion imaging in acute stroke represents the state

of the brain as a function of its blood supply or the lack
thereof (in contrast, a NCCT only provides anatomical
data). Such imaging can be performed with either MRI
or CT. After the intravenous injection of iodinated con-
trast, sequential cine CT data are obtained from prese-
lected sections of the brain to which application of
mathematical functions, such as deconvolution, can
yield quantitative perfusion parameters, such as cere-
bral blood flow (CBF), cerebral blood volume (CBV),
and mean transit time (MTT).11

The CBF is generally measured as the amount of
blood in milliliters delivered per 100 g of brain per
minute.12 CBV is the total volume of blood within a
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Figure 1. Case 1: A 66-year-old man presented within 3 hours

of symptom onset. Endovascular therapy was performed

based on perfusion imaging with restoration of flow and

reversal of symptoms.



given mass of tissue and is expressed as milliliters of
blood per 100 g of brain tissue.12 MTT is calculated as
the ratio of CBV to CBF and, theoretically, is the time
required for the blood to pass through the cerebral cir-
culation.12 These parameters are not only accurate but
are also reproducible13 and helpful in differentiating
between irreversible and reversible brain damage.14,15

Ischemic penumbra commonly describes the part of
the brain that is hypoperfused or ischemic enough to
cause cellular dysfunction but not enough to cause cell
death.16-18 The previously described perfusion parame-
ters are helpful in identifying this penumbra. The rela-
tionship of these parameters to infarct progression
varies widely between individuals and, in the same indi-
vidual, between different parts of the brain.2 Such dis-
tinction is instrumental before subjecting patients to
potent thrombolytic treatment.

IMAGING THE NEUROVASCULATURE
The localization and extent of the arterial occlusion

site are also important information affecting treatment
decisions, especially when endovascular therapy is avail-
able. Rapid, high-resolution, noninvasive vascular imag-
ing can be performed with CT angiography (CTA).19

The current multidetector CT scanners allow for simul-
taneous performance of CTA and CT perfusion.
Furthermore, the data can be obtained and processed
expeditiously. In one study, the time required for entire
data processing was approximately 15 minutes.20 In the

same study, CT perfusion and CTA had a very high sen-
sitivity (90%) for predicting large territorial infarctions.20

Small lesions and inadequate coverage of data acquisi-
tions accounted for the false-negative cases.20 CTA is
particularly useful in posterior fossa infarcts, where per-
fusion CT may be limited secondary to artifacts from
the skull base. Additionally, depending on the number
of levels or slices utilized in perfusion imaging, the pos-
terior fossa may be excluded from the field of view.21

CTA and CT perfusion imaging significantly improve
the assessment of infarct volume and site of vascular
occlusion over that of initial clinical assessment and
noncontrast CT alone.22,23

TECHNIQUE
Perfusion imaging can be performed utilizing either

CT or MRI modalities. However, CT evaluation for
stroke has logistical advantages over MRI because of its
increased availability and shorter scan times.24 MRI,
however, allows for more accurate depiction of the
infarcted brain and the extent of injury. At our institu-
tion, we have been incorporating CT perfusion imaging
in our stroke management protocols for the past 8
years. Initially, two-level perfusion imaging was per-
formed at the level of the basal ganglia for maximum
coverage of the middle cerebral artery distribution.
Currently, we use 80 mL of intravenous contrast inject-
ed at a rate of 3 to 4 mL/s to obtain eight predefined
levels (each 1 cm thick) of perfusion parameters. The
levels cover the posterior fossa, as well as the supraten-
torial brain. Concurrent CTA is performed from below
the carotid artery bifurcations to the cranial vertex with
an additional 80 mL of intravenous contrast. The perfu-
sion data are immediately processed using dedicated
software (CT perfusion-2, 2.6.6i., GE Healthcare
Technologies, Waukesha, WI ). The complete “stroke
CT” information, including NCCT, CT perfusion, and
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Figure 2. Case 2: A 68-year-old man presented within 6 hours

of symptom onset. Partial angiographic recanalization was

achieved with intra-arterial tissue plasminogen activator (tPA).

Restoration of symptoms occurred during the next 24 hours.

Figure 3. Case 3: A 78-year-old woman with occlusive throm-

bus was recanalized within 7 hours of symptom onset.

Treatment was based on favorable perfusion data.



CTA, is available for review within 10 minutes. A Web-
based server allows remote access to these images,
which is helpful in treatment planning (especially an
endovascular intervention). Currently, almost all ven-
dors offer perfusion packages as part of the new multi-
detector scanners.

CA SE STUDIE S
The utility of CT perfusion and its potential role in

stroke management are further highlighted by specific
case examples. The interrelationship of the perfusion
parameters is categorized into matched or mismatched
defects. Strokes of unknown onset and posterior circu-
lation strokes are discussed separately.

“Mismatched” Perfusion Defects
In case 1 (Figure 1), a 66-year-old man presented to

the emergency room approximately 2.5 hours after
onset of right-sided weakness, with a National Institute
of Health Stroke Scale (NIHSS) of 8. The NCCT (not
included in the figure) did not show any early ischemic
changes. The CT perfusion imaging performed at two
contiguous levels shows a distinctly increased MTT and
decreased CBF in the posterior middle cerebral artery
distribution on the left side. However, the CBV was
decreased around a much smaller area. Simultaneously
performed CTA showed occlusion of an M2 branch
confirmed by the catheter angiography. Local intra-arte-
rial tPA was administered via a microcatheter with lysis

of the clot and restoration of blood flow. MRI per-
formed the next day showed an infarct on the diffu-
sion-weighted images (DWI). The diffusion abnormality
representing the infarct closely corresponded to the
area of decreased CBV. The rest of the brain, which
showed abnormal MTT and CBF (but preserved CBV)
was spared, suggesting potentially reversible perfusion
changes. The DWI slices are at the same level as the CT
perfusion images. The patient was discharged after 2
days with a near-baseline neurologic examination. The
decision to treat this patient was based on the mis-
match between the CBF and the CBV or the MTT and
the CBV, which is believed to represent the salvageable
tissue of the penumbra. Simultaneous CTA allows for
clot localization, sparing the need for a full-catheter
angiogram. 

In case 2 (Figure 2), a 68-year-old man presented
approximately 4 hours after symptom onset of right
hemiparesis and aphasia, with an NIHSS of 12. The
NCCT was unremarkable. The CT perfusion showed
increased MTT and decreased CBF over almost the
entire left middle cerebral artery distribution; the CBV
was, however, decreased over a relatively much smaller
area. CTA (not shown) showed an occlusive left mid-
dle cerebral artery thrombus, which was confirmed
angiographically. Local intra-arterial thrombolysis was
performed with 12 mg of tPA, resulting in partial
recanalization (bottom row). MRI performed the next
day showed the infarct localized to the anterior tem-
poral and inferior frontal lobes on slice-matched DWI.
This case again highlights the utility of CT perfusion
parameters in guiding therapy. The part of the brain
that has an abnormal CBV is most likely to infarct.
Although perfusion abnormalities involving CBF and
MTT may be reversed following successful recanaliza-
tion, a significantly decreased CBV is least likely to
come back. The CBV abnormality therefore can be
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Figure 4. Case 4: An 85-year-old woman presented within 

3 hours of symptom onset with matched perfusion deficits.

Treatment failure occurred with thrombolytics despite

administration within 3 hours.

Figure 5. Case 5: A 79-year-old man presented within 6 hours

of symptom onset with severe matched perfusion deficits. A

large infarct despite angiographic recanalization occurred

with endovascular therapy.

“CTA and CT perfusion imaging signifi-

cantly improve the assessment of

infarct volume and site of vascular

occlusion over that of initial clinical

assessment and noncontrast CT alone.”



characterized as the core of the ischemic brain likely
representing irreversible damage surrounding which is
a zone of potentially reversible ischemia. The increase
in MTT is possibly secondary to the cerebral vasodi-
latation and development of collaterals in response to
an intracranial vascular occlusion, thereby maximizing
oxygen extraction.

In case 3 (Figure 3), a 78-year-old woman presented
5.5 hours after onset of left hemiparesis. NCCT showed
no acute ischemic changes. Perfusion imaging, although
slightly degraded by patient motion, showed increased
MTT and decreased CBF in a large part of the right mid-
dle cerebral artery distribution, representing the area at
risk for infarction. The CBV, however, was decreased
over considerably smaller and localized areas that
amounted to <10% of the area of perfusion abnormali-
ties on the CBF and MTT. CTA localized a middle cere-
bral artery occlusion, which was angiographically con-
firmed and successfully recanalized (Figure 3, bottom
row, center two images) using the Merci retriever device
(Concentric Medical, Inc., Mountain View, CA) more
than 6.5 hours into the stroke. MRI performed 2 days
after admission showed minimal infarcts only limited to
the area of CBV abnormality. An MRI perfusion study
performed at the same time showed normalization of
the CBF and MTT as well. The fact that the final infarct
size correlates most closely with the CBV highlights the
importance of this parameter in identifying areas most
likely to infarct, although the reversibility of the CBF
and MTT suggest areas of reversible ischemia. It is this
difference between the potentially reversible ischemic
brain (represented by the MTT and CBF) versus the
infarcted brain (most closely reflected by the CBV) that
can help determine the penumbra and individualize
treatment. 

“Matched” Perfusion Defects
Cases 4 and 5 describe patients who had matched defects

in terms of their perfusion parameters. In other words, there
was no difference between the ischemic and infarcted brain
indicating no penumbra or salvageable brain.

In case 4 (Figure 4), an 85-year-old woman presented
with dense left hemiparesis within 3 hours of symptom
onset. Her NCCT showed mild early ischemic changes
along the insular cortex and the basal ganglia. The CT per-
fusion study shows marked perfusion abnormalities
involving the entire left middle cerebral artery distribu-
tion; however, unlike the previous cases, the abnormal
perfusion in this patient is matched across the three
parameters. The MTT is also mostly decreased, indicating
the lack of any cerebral autoregulation and collateral
reserve; the CBF is significantly decreased, and the CBV is
also markedly decreased in an almost identical configura-
tion. The findings in this case indicate an area of the brain
that is severely ischemic with almost no perfusion reserve
and a very high likelihood of complete infarction. The
patient was given intravenous tPA without any neurologic
recovery. NCCT performed the next day (Figure 4, images
labeled “Day 2”) showed a very large infarct with mass
effect, edema, and localized hemorrhagic conversion.
Despite this patient presenting well within 3 hours of
symptom onset, her stroke was so severe that it limited
any chances of meaningful recovery despite any interven-
tion.

In case 5 (Figure 5), a 79-year-old man presented
slightly more than 5 hours after onset of aphasia and
dense right hemiparesis. The CT perfusion images again
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Figure 6. Case 6: An 82-year-old man awoke with stroke

symptoms.Treatment guided by perfusion imaging led to

neurologic improvement.

Figure 7. Case 7: A 72-year-old woman presented with

unknown onset of neurologic symptoms. Endovascular

recanalization was performed based on favorable perfusion

data.



show severe matched perfusion abnormalities involving
the entire left middle cerebral artery distribution. The
MTT, unlike the first three cases, was barely increased,
again indicating a lack of cerebral vascular reserve. The
matched and significant CBV decrease suggests irre-
versible damage and infarcted tissue. The patient had
an occlusive left middle cerebral artery thrombus that
was recanalized utilizing intra-arterial tPA and angio-
plasty (not shown). However, despite angiographic
recanalization, the patient had complete infarction of
the left middle cerebral artery distribution. Both cases 4
and 5 were treated according to the suggested treat-
ment guidelines based on time of symptom onset, and
in case 5, despite achieving angiographic recanalization,
this treatment failed to affect the outcome.

Unknown Time of Onset and “Wake-Up” Strokes
Patients with an unknown time of onset or those

waking up with neurologic deficits are typically exclud-
ed from treatment based on the current guidelines.25 It
is in these cases that perfusion imaging can play an
extremely important role in selecting patients for thera-
py. Also, patients with improving deficits in the face of
obvious perfusion abnormalities and documented vas-
cular occlusion can be at risk of eventual infarction if
left untreated and can be potential candidates for ther-
apy based on the imaging findings.

In case 6 (Figure 6), an 82-year-old man presented
approximately 7 hours after waking up with left hemi-
paresis. His NIHSS was 12. A CT perfusion scan showed
decreased CBF over almost the entire right middle cere-
bral artery territory; the MTT was significantly increased
over the same region indicating good vascular reserve.
The CBV showed only subtle localized decrease at the
basal ganglia. The large difference in the perfusion
abnormalities between the CBV and the MTT or the
CBF is suggestive of a large penumbra. CTA (not shown)

identified an occlusive thrombus within the proximal
right middle cerebral artery. Because of the large
amount of potentially salvageable brain, endovascular
recanalization was offered and performed utilizing the
Merci retriever device (images not shown). The patient
demonstrated significant neurologic improvement, and
follow-up MRI showed minimal infarcts in the basal
ganglia corresponding to the CBV abnormality.

In case 7 (Figure 7), similar imaging findings were seen
in a 72-year-old woman who presented with unknown
onset of neurologic symptoms. Based on the mismatch
in the perfusion images (MTT and CBV or CBF and
CBV), local intra-arterial thrombolysis was performed
with tPA for an M1 thrombus with complete recanaliza-
tion with limited infarction on the subsequent DWIs.

In case 8 (Figure 8), a 79-year-old woman presented
within 3 hours with left hemiparesis; however, her symp-
toms had started to improve significantly in the emer-
gency room and no treatment was instituted. Her perfu-
sion images showed a mismatch between the CBV, which
was not altered, and the MTT and the CBF, which were
increased and decreased respectively. The MTT abnor-
mality was helpful in localizing an occlusion within an
M3 branch of the right middle cerebral artery. The
patient was admitted and the next morning was found
to have significant left hemiparesis. NCCT performed the
following day (Figure 8, images labeled “Day 2”) showed
an acute infarct corresponding to the earlier perfusion
abnormalities (MTT and CBF) in the right frontal lobe.
The patient initially had a penumbra based on the perfu-
sion parameters; however, the continuous branch-vessel
occlusion led to completion of the infarct in the area of
the reversible ischemia represented by the CBF/CBV mis-
match. In this case, a sustained decrease in the perfusion
pressure secondary to the continuous occlusion probably
overcame the brain’s autoregulatory response and the
collateral reserve. Although it is still difficult to justify a
potentially risky treatment in someone with improving
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Figure 8. Case 8: A 79-year-old woman with improving neu-

rologic symptoms.

Figure 9. Case 9: A 49-year-old woman with basilar artery

occlusion.



symptoms or minimal neurologic deficits, perfusion
imaging can be useful in identifying this patient subset
that may need much closer neurologic monitoring.

Posterior Circulation Strokes
Because basilar artery occlusions carry a much worse

prognosis and are almost fatal if left untreated, time-based
therapies are even less applicable than for anterior circula-
tion strokes. CTA plays a very important role in localizing
the site of occlusion, as well as for evaluation of the verte-
bral arteries for endovascular treatment planning. Our CT
perfusion protocol now includes imaging through the pos-
terior fossa in addition to the supratentorial brain.

In case 9 (Figure 9), a 49-year-old woman was found
unresponsive and brought to the emergency room.
NCCT showed a hyperdense basilar artery indicating
possible occlusion, which was confirmed by CTA. The
perfusion imaging showed increased MTT and
decreased CBF in most of the posterior circulation dis-
tribution. The CBV was equivocally decreased in some
areas. Angiographic evaluation confirmed the basilar
occlusion. Endovascular recanalization was performed
with local intra-arterial tPA, as well as mechanical
thrombectomy with the Merci device. The patient’s
clinical condition progressively improved during the
days that followed, and MRI showed scattered infarcts
with preservation of most of the basilar artery distribu-
tion. An MRI perfusion study also showed almost com-
plete normalization of the previous abnormalities.

DISCUSSION
These cases illustrate how perfusion imaging may help

in tailoring stroke treatment. Whether the perfusion
data are obtained from MRI or CT is a matter of institu-
tional preference and experience. Both modalities allow
identification of the reversible ischemic zones, which is
the guiding concept. Optimum patient selection can not
only lead to consistently better outcomes, but it can also
prevent treatment-related complications in patients
with irreversible damage and little chance of recovery.
Interplay among cerebral perfusion pressure, cerebral
vascular resistance, and the metabolic demand of the
brain contribute in maintaining a steady oxygen extrac-
tion for viable brain metabolism and function.12,26 Our

understanding of the behavior of cerebral hemodynam-
ics in stroke can guide therapy. Parametric perfusion
imaging reflects these hemodynamic alterations. With
continual technological advancement, both in scanning
hardware and processing software and increasing experi-
ence in functional brain imaging, image-based, patient-
specific treatment has the potential to become the
accepted strategy for acute stroke management. ■
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“Because basilar artery occlusions

carry a much worse prognosis and are

almost fatal if left untreated, time-based

therapies are even less applicable than

for anterior circulation strokes.”


