
Introduction

Acute cerebrovascular stroke ranks amongst the
foremost causes of morbidity and mortality in the
world [1]. In acute settings, the rapid evaluation of
acute stroke is invaluable due to the ability to treat
patients with thrombolytics. In addition to
anatomic information about the acute stroke,
state-of-the-art radiologic techniques can also
provide critical information about capillary-level
hemodynamics and the brain parenchyma. Com-
puted tomography perfusion (CTP) provides this
information and can help in understanding the
pathophysiology of stroke [2–5]. CTP helps the
physician to identify critically ischemic or irre-
versibly infarcted tissue (“core”) and to identify se-
verely ischemic but potentially salvageable tissue
(“penumbra”). This information can guide triage
and management in acute stroke.

Overall application of CT and magnetic reso-
nance (MR) perfusion techniques and estimation
of cerebral perfusion parameters such as cerebral
blood flow (CBF), cerebral blood volume (CBV),
and mean transit time (MTT) are similar for both
MR imaging (MRI) and CT. However, faster imag-
ing time, affordability, and wider availability of CT
technology in the acute setting makes the combi-
nation of CT angiography (CTA) and CTP a poten-
tial surrogate marker of stroke severity, likely ex-
ceeding the National Institutes of Health Stroke
Scale (NIHSS) or the Alberta Stroke Program Ear-
ly CT Score (ASPECTS) as a predictor of outcome
[6–14].

CTP: Scanning Technique 

Scanning protocol for acute stroke must facilitate
patient triage. At Massachusetts General Hospital,
the scanning protocol for acute stroke has the fol-
lowing three parts: the noncontrast CT; CTA from

aortic arch to vertex; and dynamic, first-pass, cine
CTP (Table 1). The noncontrast CT excludes hem-
orrhage prior to thrombolysis [15] and can reveal
a large territory infarction [such as a hypodensity
occupying greater than one third of the middle
cerebral artery (MCA) territory], which is also
considered to be a contraindication to thromboly-
sis [16].

The CTA component of acute stroke protocol
provides information about important vessels of
the head and neck and generates source images
(CTA-SI), which serve as relevant data for tissue
level perfusion. According to theoretical perfusion
models, the CTA-SI data are predominantly blood-
volume rather than blood-flow weighted [17–19].
As this perfused blood volume technique requires
the assumption of an approximately steady-state
level of contrast media during the period of image
acquisition [18], our CTA protocols use a biphasic
contrast injection to attain a better approximation
of the steady state [20, 21].

Finally, for dynamic, quantitative CTP, an addi-
tional bolus of contrast is administered (at a rate of
4–7 ml/s) during continuous cine imaging over a
single region of the brain. In order to track the
“first pass” of the contrast bolus through the in-
tracranial vasculature without recirculation ef-
fects, images over 45–60 s are acquired. The cover-
age volume of each acquisition depends on the
vendor and type of the multidetector CT (MDCT)
scanner. We use two contrast boluses to acquire
two slabs of CTP data at different locations to in-
crease overall Z-axis coverage [22]. Appropriate
scanning planes allow multiple vascular territories
to be assessed [3, 23, 24]. It is important to include
a major intracranial artery in at least one image
slice in each acquisition for CTP map reconstruc-
tion (Fig. 1). In this respect, the previously ac-
quired CTA data allows one to target the tissue of
interest with the CTP, which is important given the
relatively restricted Z-axis coverage obtained even
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Table 1. Sample acute stroke computed tomography (CT) protocol employed at the authors’ institution, incorporating CT angiography
(CTA) and CT perfusion (CTP). The protocol is designed to answer the four basic questions necessary for stroke triage described. Note the
alteration in the kilovolt peak (kVp) for perfusion acquisition. Parameters are presented for illustrative purposes and have been optimized
for the scanner currently employed (General Electric Healthcare Lightspeed 16) in our emergency department. Parameters should be opti-
mized for each scanner

Scan series Unenhanced CTA head CTA neck Cine perfusion ×2
Contrast Biphasic contrast injection: 2.5 cc/s 7 cc/sec for 40 cc for each 

for 50 cc, then 1.0 cc/s for 20 cc CTP acquisition

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

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

Slice thickness 5 mm 2.5 mm 2.5 mm 5 mm

Image spacing 5mm 2.5 mm 2.5 mm N/A

Table feed 5.62 mm 5.62 mm 5.62 mm N/A

Detectors 16�0.625 16�0.625 16�0.625 16�1.25
configuration (mm)

Pitch 0.562:1 0.562:1 0.562:1 N/A

Mode Helical Helical Helical Cine 4i

kVp 140 140 140 80

mA 220 200 250 200

Rotation time 0.5 s 0.5 s 0.5 s 1 s

Scan FOV Head Head Large Head

Retrospective slice None 1.25/0.625 mm 1.25/1.0 mm None
thickness/interval
Standard reconstruction algorithm is used for all image reconstruction
CTA computed tomography angiography, CTP computed tomography perfusion, kVp kilovolt peak, mA milliampere, FOV field of view

Fig. 1a, b. Computed tomography perfusion (CTP) postprocessing. Appropriate region of interest (ROI) placement on an artery (a major
vessel running perpendicular to the plane of section to avoid volume averaging) and on a vein (also running perpendicular to the plane of
section and placed to avoid the inner table of the skull) (a). The time density curves (TDC) generated from this artery (A) and vein (V) show
the arrival, peak, and passage of the contrast bolus over time (b). These TDCs serve as the arterial input function (AIF) and the venous out-
put for the subsequent deconvolution step

a b
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with two CTP acquisitions. To keep the total iodine
dose for acute stroke protocol within reasonable
limits, the contrast bolus for the CTA is restricted
to allow two 40-cc boluses for the CTP acquisition.

It is also important to bear in mind that there is
considerable variability in CTP scanning proto-
cols, as this technique has only recently gained ac-
ceptance as a clinical tool and because construc-
tion of perfusion maps depends on the particular
mathematical model used to analyze the dynamic,
contrast-enhanced data.Algorithm-dependent dif-
ferences in contrast injection rates exist, and, re-
gardless of injection rate, higher contrast concen-
trations are likely to produce maps with improved
signal-to-noise ratios [25].

CTP: Comparison with 
Perfusion-Weighted MR (MR-PWI)

CTP has several advantages and disadvantages
compared with perfusion-weighted MR (MR-
PWI). Wider availability and easy, rapid scanning
in seriously ill patients with monitors or ventila-
tors make CTP a feasible option. Furthermore, in
patients with absolute contraindication to MR, CT
may be the only option. Although capillary-level
hemodynamics can be assessed with both MR-
PWI and CTP, there are several important distinc-
tions between these two techniques (Table 2,
Fig. 2). Dynamic susceptibility contrast MR-PWI
techniques depend on induction of the indirect
T2* effect in adjacent tissues by high concentra-
tions of gadolinium. Thus, MR-PWI may have
more “contamination” from large vascular struc-
tures and is also limited in certain regions of brain
because of susceptibility effects from adjacent
structures. On the other hand, CTP depends on di-
rect visualization of the contrast medium.As there
is a linear relationship between attenuation and
contrast concentration in CT, CTP readily allows
quantitation. This is not possible with MR-PWI.

Another advantage of CTP is that CT has greater
spatial resolution than MRI. Thus, visual evalua-
tion of core/penumbra mismatch may be more re-
liable with CTP than with MR-PWI [26, 27].

Conversely, there are notable disadvantages of
CTP when compared with MR-PWI. These include
limited Z-axis coverage and more labor-intensive
postprocessing of CTA and CTP data sets. Another
limitation of our CTP protocol is the use of a large
amount of contrast material, which may be partic-
ularly problematic in older patients, who are most
likely to be undergoing evaluation for acute stroke.
Several studies have highlighted the issue of radia-
tion risk inherent to CT [3, 28].

CTP: Fundamentals

CTP and MR-PWI evaluate capillary, tissue-level
circulation, which is beyond the resolution of tra-
ditional anatomic imaging and provides valuable
information about blood flow to the brain
parenchyma [29]. Cerebral blood flow can be as-
sessed using various parameters, which include
CBF, CBV, and MTT. For accurate analysis of CTP
maps, it is important to understand associations
between these perfusion parameters, as cerebral
perfusion pressure drops in acute stroke. CBV is
the total blood volume in a given unit volume of
the brain, which includes blood in the tissues and
blood in the larger vessels such as arteries, arteri-
oles, capillaries, venules, and veins. CBV is meas-
ured as units of milliliters of blood per 100 g of
cerebral tissue (ml/100 g). CBF is the blood volume
moving through a given unit volume of brain per
unit time. CBF is measured in units of milliliters of
blood per 100 g of brain tissue per minute. MTT is
the mean of the transit time of blood through a
given region of the brain, which depends on the
distance traveled between arterial inflow and ve-
nous outflow. MTT is related to both CBV and CBF
according to the central volume principle, which

Table 2. Advantages and disadvantages of computed tomography perfusion (CTP) relative to magnetic resonance (MR) perfusion-
weighted imaging (PWI)

Advantages Disadvantages
• Wider availability of CT with lower cost • Associated radiation dose

• Improved resolution with quantitative perfusion • Risks and complications of iodine-based 
information contrast

• Rapid acquisition • Limited scan coverage

• Easier monitoring and intervention in critical patients • More complex data postprocessing

• Possible in patients with pacemakers or other 
contraindications to MR or in patients who cannot 
be screened for MR safety
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Fig. 2a-d. Correlation of comput-
ed tomography perfusion (CTP) and
perfusion-weighted magnetic reso-
nance (MR-PWI) images. Perfusion
images obtained 1 h apart in a pa-
tient presenting with left lower ex-
tremity weakness. CTP images (left)
and MR perfusion images (right), in-
cluding mean transit time (MTT) (a),
cerebral blood volume (CBV) (b),
and cerebral blood flow (CBF) (c),
demonstrate a large perfusion ab-
normality in the left middle cerebral
artery (MCA) distribution. Note the
concordance between the data ob-
tained with each modality. Corre-
sponding computed tomography
angiography source images (CTA-SI)
(left) and subsequent unenhanced
CT are also shown, revealing an in-
farct in the left MCA distribution (d)

a

b

c

d



IV.2 • MDCT Perfusion in Acute Stroke 171

states that MTT=CBV/CBF [30, 31].
The CTP parameters of CBV, CBF, and MTT can

be difficult to quantify in practice. The dynamic,
first-pass, CTP approach is performed with the dy-
namic intravenous administration of contrast
agent, which is tracked with serial scanning during
its first-pass circulation through the capillary bed
of brain tissue. Depending on the assumptions re-
garding the arterial inflow and the venous outflow
of the contrast agent, CBV, CBF, and MTT can then
be calculated. Dynamic, first-pass CTP models as-
sume that the agent used for perfusion measure-
ment is nondiffusible (neither absorbed nor me-
tabolized) in the tissue bed through which it trav-
erses. Therefore, “contrast leakage” outside of the
intravascular space in cases of blood brain barrier
breakdown associated with tumor, infection, or in-
flammation, requires a more complex model for
calculations. The two major mathematical models
used for calculating CTP parameters include de-
convolution based and nondeconvolution-based
methods.

Nondeconvolution-based CTP models depend
on the application of the Fick principle to a given
region of interest (ROI) within the cerebral
parenchyma. A time-density curve (TDC) is de-
rived for each pixel, and CBF is calculated based on
the concept of conservation of flow. This calcula-
tion is dependent on the assumptions made re-
garding blood inflow and outflow to the brain re-
gion. Although common models simplify the cal-
culations by assuming that there is no venous out-
flow, these models necessitate high injection rates.
CBV can be estimated as the area under the “fit-
ted” tissue TDC divided by the area under the fit-
ted arterial TDC [17]. This equation forms the ba-
sis for the quantitative estimation of CBV using the
“whole-brain perfused blood volume” when it is
assumed that there is a steady state of contrast
concentration in the arteries and capillaries [18,
19]: CBV is a function of the density of tissue con-
trast, normalized by the density of arterial con-
trast, after soft tissue components have been re-
moved by coregistration and subtraction of the
noncontrast scan.

Deconvolution models to estimate CTP param-
eters have also been validated in a number of stud-
ies [32–40]. These methods allow direct computa-
tion of CBF, which is applicable for even relatively
slow injection rates [41] and compensates for in-
ability to deliver a complete, instantaneous con-
trast bolus into the artery supplying a given region
of brain. Indeed, a contrast bolus (especially one
that is given via a peripheral vein) does undergo
delay and dispersion before arriving in the cere-
bral circulation. With the deconvolution model,
correct CBV and CBF are estimated by calculating
the residue function. CBF is calculated directly as
proportional to the maximum height of the scaled

residue function curve. CBV is represented as the
area under the scaled residue function curve. Once
CBF and CBV are estimated, MTT is calculated us-
ing the central volume principle.

Potential imaging pitfalls in the calculation of
CBF with the deconvolution model include partial
volume averaging as well as patient motion, which
can lead to underestimation of the arterial input
function (AIF). To minimize errors in CTP param-
eters due to these pitfalls, image coregistration
software programs can be used to correct for pa-
tient motion and to carefully select ROIs for the
AIF. Comparison with the contralateral (normal)
side to establish a percentage change from normal
can also be a useful adjunctive technique, particu-
larly since the reliability of quantitative CTP pa-
rameters is in the range of 20–25%.

In general, nondeconvolution models are more
sensitive to changes in underlying vascular anato-
my than the deconvolution models. The reason is
that nondeconvolution cerebral CTP models as-
sume that a single feeding artery and a single
draining vein supports blood circulation in a given
area, and that the precise arterial, venous, and tis-
sue TDC can be uniquely identified by imaging.
This assumption is an oversimplification of cere-
bral circulation. In fact, a delay correction is pres-
ent in most available CTP processing software, so
that this oversimplification is less of a concern in
CTP.

CTP: Data Postprocessing

In emergent cases, CTP can allow immediate de-
tection of perfusion changes by direct visual in-
spection of the axial source images at the user in-
terface. Review of CTP data set at an image work-
station using a “movie” or cine mode can provide
information about relative perfusion changes over
time. However, detection of subtle perfusion
changes requires advanced postprocessing and
quantification. To accomplish this, source CTP im-
ages are usually networked to a freestanding work-
station for computation of quantitative, first-pass,
cine cerebral perfusion maps. Users are generally
required to input some information for quantifica-
tion purposes (Fig. 1), which include:
• Arterial Input ROI: A small ROI is placed over

the central portion of a large intracranial ar-
tery (with maximal peak contrast intensity),
preferably orthogonal to the image acquisition
plane so that partial volume averaging can be
minimized. It is critical to ensure that the im-
age acquisition slab for CTP contains a major
intracranial artery to generate the AIF. Some
programs allow ROI selection in a semiauto-
mated manner.

• Venous Outflow ROI: In addition to an arterial
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ROI, a small venous ROI with similar attributes
is also selected, most commonly at the superior
sagittal sinus. For certain programs, appropri-
ate venous ROI are crucial for accurate CTP
maps [42].
Major variations in the aforementioned input

values may cause variation in the image quality of
CTP maps as well as variation in the CBF, CBV, and
MTT.

CTP: Clinical Indications and 
Applications

Advanced “functional” imaging of acute stroke in
the first 12 h can include the following [42]:
• Inclusion of cases most likely to benefit from

thrombolysis
• Exclusion of cases most likely to hemorrhage
• Extension of the time window beyond 3 h for

intravenous thrombolysis and 6 h for anterior
circulation intra-arterial thrombolysis

• Triage to other available therapies, such as hy-
pertension or hyperoxia

• Appropriate treatment of “wake-up” strokes, for
which precise time of onset is unknown

• Management decisions regarding admission to
neurological intensive care unit or discharge
from emergency department
The Desmoteplase in Acute Ischemic Stroke

(DIAS) trial suggests that intravenous desmoteplase
can be used in an extended therapeutic window of
3–9 h postictus, with substantial improvements in
reperfusion rates and clinical outcomes achieved in
patients with a diffusion/perfusion mismatch on
MRI [43]. On the basis of this study and other ongo-
ing studies, some investigators have cautiously pro-
posed the use of either MR-PWI or CTP for extend-
ing the traditional therapeutic time window [44,
45]. These authors cite evidence of a relevant vol-
ume of salvageable cerebral tissue present in the 3-
to 6-h time frame in more than 80% of acute stroke
patients [43, 46, 47].

CTP: Infarct Detection 

Several studies have opined that CTA-SI, like diffu-
sion-weighted MRI, can detect tissue destined to
infarct despite successful recanalization [11, 48,
49]. In theory, if an approximately steady state of
contrast in the cerebral arteries and parenchyma
during image acquisition is assumed, CTA-SI are
predominantly blood-volume rather than blood-
flow weighted [17–19, 50].An early report suggest-
ed that CTA-SI can be used to delineate minimal fi-
nal infarct size and to identify “infarct core” in an
acute stroke [48]. CTA-SI subtraction maps, ob-

tained by commercially available platforms for
coregistration and subtraction of the noncontrast
head CT from the CTA source images, can provide
information about quantitative blood-volume
maps of the entire brain [3, 18, 19]. As these maps
cover the entire brain, they are especially appeal-
ing for clinical use. An exploratory study in pa-
tients with MCA stem occlusion who underwent
intra-arterial thrombolysis after imaging revealed
that CTA-SI and CTA-SI subtraction maps improve
conspicuity of cerebral infarct when compared
with nonenhanced CT in hyperacute stroke.

In another study, CTA-SI preceding diffusion-
weighted MRI was performed in patients with
clinically suspected acute stroke presenting within
12 h of symptom onset (42 patients were scanned
within 6 h) [11]. The authors reported that CTA-SI
and diffusion-weighted imaging (DWI) lesion vol-
umes were independent predictors of final infarct
volume, and overall sensitivity and specificity for
parenchymal stroke detection were 76% and 90%
for CTA-SI, and 100% and 100% for diffusion-
weighted imaging, respectively. Although diffu-
sion-weighted imaging is more sensitive than
CTA-SI for detection of small lacunar and distal
infarcts, both diffusion-weighted imaging tech-
niques are highly accurate predictors of final in-
farct volume. It is important to remember that, like
diffusion-weighted imaging, not every acute hypo-
dense ischemic lesion seen with CTA-SI is destined
to infarct [51, 52] (Fig. 3). In the presence of early
complete recanalization, CTA-SI can show occa-
sional dramatic sparing of regions with reduced
blood pool.

CTP maps can also improve detection of acute
infarct, improving both sensitivity (MTT maps)
and specificity (relative CBF and relative CBV
maps) for the detection of infarct relative to non-
contrast CT images [53] (Fig. 4). These maps are
also more accurate for determining the extent of
infarct, especially for the percentage of MCA terri-
tory infarct [53]. A prior study has shown that the
relative CBV (rCBV) map correlated better with fi-
nal infarct volume than admission diffusion-
weighted imaging [54].

CTP: Interpretation of Penumbra
and Core

Advanced stroke imaging in acute settings must
allow for evaluation of the viability of ischemic tis-
sue that transcends an arbitrary “clock time”
[55–57]. Two thresholds from prior experimental
studies gave rise to the original theory of penum-
bra [58, 59]. One threshold defined a specific CBF
value below which there was no cortical function,
without extracellular potassium increment or pH
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Fig. 3a-f. Reversal of computed tomography angiography source images (CTA-SI) abnormality. An 80-year-old woman presented with a
devastating exam. CTA-SI initially demonstrated a large area of hypodensity in the left middle cerebral artery (MCA) distribution (a). CTA
shows occlusion of the distal left internal carotid artery (ICA) and the entire left middle cerebral artery (MCA) (b). CT perfusion (CTP) images
obtained at the same time, including cerebral blood flow (CBF) (c), mean transit time (MTT) (d), and cerebral blood volume (CBV) (e), show
a large CBF/MTT abnormality involving nearly the entire left MCA territory while the CBV shows only a small area of abnormality anterior-
ly. After successful intra-arterial thrombolysis, subsequent unenhanced CT shows that the infarct is confined to the initial CBV abnormali-
ty (f). Although the CTA-SI abnormality characteristically predicts infarct, this case demonstrates the unusual possibility of a reversal of the
CTA-SI abnormality. The final infarct volume was better predicted by the initial CBV map
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reduction. The second threshold defined a CBF
value below which cellular integrity was disrupted.
Subsequently, a clinically relevant “operationally
defined penumbra,” which defines hypoperfused
but potentially salvageable tissue, has gained ac-
ceptance with emergence of advanced cross-sec-
tional imaging techniques and modern stroke
therapy protocols [55, 59–61].

“Ischemic penumbra” can be defined as is-
chemic but still viable tissue. The operationally de-
fined penumbra may be described as the volume

of tissue in the region of CBF/CBV mismatch on
CTP maps, where the region of CBV abnormality
represents the infarct tissue core and the CBF/CBV
mismatch identifies the surrounding region of hy-
poperfused tissue that is potentially salvageable
(Figs. 5 and 6). Dynamic, single-slab CTP with
quantitative maps of CBF, CBV, and MTT can de-
scribe regions of ischemic penumbra.

Prior human and animal studies with MRI,
positron emission tomography (PET), single pho-
ton emission tomography (SPECT), and xenon,

Fig. 4a-f. Matched-perfusion defects. A 36-year-old man presented with acute onset ataxia. Computed tomography angiography source
images (CTA-SI) demonstrates an infarct in the left cerebellar hemisphere (a). CTA reformat shows thrombus at the basilar tip (b). Concur-
rent CT perfusion (CTP) images, including cerebral blood flow (CBF) (c), mean transit time (MTT) (d), and cerebral blood volume (CBV) (e),
show no evidence of a perfusion mismatch to suggest additional territory at risk. T2-weighted magnetic resonance (MR) image obtained 5
days later show an infarct in the left superior cerebellar artery distribution, with no interval expansion of the infarct territory as predicted
by the matched perfusion defect initially (f). Note that MR perfusion is typically limited in the posterior fossa due to susceptibility artifact

a b
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Fig. 5a-g. Expansion of infarct into territory at risk. A 77-year-old woman presented with acute left-sided weakness. Initial computed to-
mography angiography source images (CTA-SI) performed several hours postictus demonstrates an area of infarct in the anterior right tem-
poral lobe (a). CT perfusion (CTP) images obtained concurrently, including cerebral blood flow (CBF) (b), mean transit time (MTT) (c), and
cerebral blood volume (CBV) (d) show an area of mismatch posteriorly within the right temporal lobe. Note that the initial infarct corre-
sponds to the CBV abnormality. Diffusion-weighted image (DWI) obtained 30 min later confirms that the infarct is limited to the area seen
on CTA-SI and CBV (e). Therapy was withheld because of suspected hemorrhage in the cerebellum (not shown). Subsequent magnetic res-
onance MR (2 days later) (f) and CT (5 days later) (g) reveal expansion of the infarct into the region at risk as predicted on the initial CTP

a b

c d

e f g



176 MDCT: A Practical Approach

Fig. 6a-g. Successful therapy to preserve territory at risk. A 76-year-old woman present-
ed with acute onset weakness and dysphasia. Computed tomography (CT) (a) and CT an-
giography source images (CTA-SI) (b) show no evidence of infarct while CTA reformat
shows nonocclusive thrombus in the proximal M1 segment (c). Concurrent CT perfusion
(CTP), including cerebral blood flow (CBF) (d), mean transit time (MTT) (e), and cerebral
blood volume (CBV) (f) show a large area of CBF/CBV mismatch, suggesting territory at risk.
The patient underwent intravenous (IV) thrombolysis and an attempt at intra-arterial (IA)
mechanical thrombolysis. Unenhanced CT 2 day later shows only small areas of infarct in
the posterior left temporal lobe and inferior parietal lobe, in a region much smaller than the
territory at risk (g). The patient was unable to have a magnetic resonance (MR) image be-
cause of a pacemaker
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which investigated the role of CTP in acute stroke
triage, have assumed predefined threshold values
for infarct core and ischemic penumbra and deter-
mined the accuracy of these modalities in predict-
ing stroke outcome [22]. An excellent correlation
(r=0.946) was noted between diffusion-weighted
imaging and CTP-CBV infarct core and the MR-
MTT and CT-CBF ischemic penumbra with as-
sumed cutoff values of �34% reduction from
baseline CTP-CBF for ischemic penumbra and
�2.5 ml/100 g CTP-CBV for infarct core [22] (refer
to Table 3 for normal values).

The interpretation of CTP in acute stroke is
summarized in Table 4. CTP-CBF/CBV mismatch
correlates significantly with increase in lesion size.
Acute stroke patients who are not treated or are
unsuccessfully treated and have a large CBF/CBV
mismatch exhibit substantial increase in lesion
size on follow-up imaging (Fig. 5). However, in pa-
tients without substantial mismatch or with early,
complete recanalization, progression of their ini-
tial CTA-SI lesion volume is not exhibited (Fig. 6).
Hence, CBF/CBV mismatch might serve as a mark-
er of salvageable tissue, which can be useful in
triaging patients for thrombolysis [62].

Interpretation of CTP-CBV maps can benefit
from a semiautomated thresholding approach to
segmentation for a more precise definition of the
infarct size [27]. More sophisticated probability
maps, synthesizing information derived from dif-
ferent CTP parameters, as well as other imaging
series may eventually provide a means to facilitate

interpretation of CTP, particularly in the acute set-
ting (Fig. 7).

Prior studies with MR perfusion have shown
that CBF maps are superior to MTT maps for dis-
tinguishing viable from nonviable penumbra, as
MTT maps depict circulatory derangements that
are not necessarily ischemic changes (such as
large-vessel occlusions with compensatory collat-
eralization and reperfusion hyperemia following
revascularization) [63–65].

There have been several improvements in the
traditional penumbra model. As not all tissue
within the operationally defined penumbra is des-
tined to infarct, the operationally defined penum-
bra is an oversimplified term. Indeed, there is an
area of “benign oligemia” in the region of the CTP-
CBV/CBF mismatch that is not expected to infarct
even in the absence of reperfusion. Thus, refine-
ment of the traditional penumbra model is impor-
tant from a clinical standpoint, as therapies based
on an overestimated “at-risk” tissue volume can be
overaggressive and result in higher risks and com-
plications of treatment for tissue that may not have
progressed to infarct even without these therapies.
Very few studies have addressed this problem us-
ing CTP. Prior studies have reported a significant
difference between the MR-CBF thresholds for is-
chemic penumbra likely to infarct and penumbra
likely to remain viable [63, 65]. They also suggest-
ed a good correlation between MR perfusion and
CTP parameters [50, 66–69].We reported that nor-
malized, or relative, CBF (rCBF) is the most robust

Table 3. Normal values for perfusion parameters in brain tissue (adapted from [80])

CTP CBF CBV MTT
Gray matter 60 ml/100 g per minute 4 ml/100 g 4 s
White matter 25 ml/100 g per minute 2 ml/100 g 4.8 s
CTP computed tomography perfusion, CBF cerebral blood flow, CBV cerebral blood volume, MTT mean transit time

Table 4. Summary of computed tomography perfusion (CTP) interpretation

Small CBV, larger CBF
• Ideal for therapy
• Perfusion mismatch identifies territory at risk
• Consider no treatment if prolonged time postictus

CBV/CBF match
• No territory at risk
• No therapy regardless of lesion size

Large CBV, larger CBF
• Possible therapy based on time postictus, size
• Perfusion mismatch suggests territory at risk
• Consider no therapy if CBV is greater than 100 ml
CBV cerebral blood volume, CBF cerebral blood flow
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CTP parameter for differentiating viable from
nonviable penumbra. In general, CTP-CBF penum-
bra with less than 50% reduction from baseline
values has a high probability of survival. Con-
versely, CTP-CBF penumbra with a greater than
two-thirds reduction from baseline values has a
high probability of infarction. Furthermore, no re-
gion with an average rCBV less than 0.68, absolute
CBF less than 12.7 ml/100 g per minute, or absolute
CBV less than 2.2 ml/100 g survived. Due to differ-
ences in CBV and CBF between gray matter (GM)
and white matter (WM) (Table 3), it is important
that the contralateral ROI used for normalization
have the same GM/WM ratio as the ipsilateral is-
chemic area under study.

CTP: Relationship with Clinical 
Outcome

As stated in the prior section, estimation of the
penumbra is technically challenging. Depending
on the applied techniques, there is substantial vari-
ation in CBF thresholds for various states of tissue
perfusion among different studies [70]. However,
several studies, evaluating heterogeneous cohorts
of patients receiving different therapies, have con-
sistently reported that there is a strong correlation
between clinical outcome and initial infarct core
lesion volume, regardless of the technique used for
measuring it (DWI, CT-CBV, subthreshold xenon
CT-CBF, or noncontrast CT) [71–75]. One of these
studies reported that clinical outcome was influ-
enced by two factors: recanalization at 24 h
(p=0.0001) and day-0 lesion volume on diffusion-
weighted imaging (p=0.03) [76]. Likewise, a CTP
study in patients with MCA stem occlusions and
patients with admission whole-brain CTP lesions
volumes greater than 100 ml (about a third of the

volume of the MCA territory) had poor clinical
outcomes, irrespective of degree of recanalization
[49]. Furthermore, final infarct volume was closely
approximated by the lesion size of the initial
whole-brain CTP in patients from the same cohort
who had early complete MCA recanalization.

In addition to the prediction of clinical out-
come from identification of infarct core, CTP, par-
ticularly the extent of early CBF reduction in pa-
tients with acute stroke, may also help in predict-
ing risk of hemorrhage. Our initial studies indicate
that severe hypoperfusion relative to normal cere-
bral tissue on whole-brain CTP images may also
help to localize ischemic regions more likely to
have hemorrhage after intra-arterial thrombolysis
[77]. Our results are also supported by a recent
SPECT study in patients with complete recanaliza-
tion within 12 h of stoke onset [78]. This study
demonstrated that patients with less than 35% of
normal blood flow at infarct core had substantial-
ly higher risk for hemorrhage [79]. Supportive ev-
idence suggests that cerebral parenchyma with se-
vere ischemia with early reperfusion have the
highest risk for hemorrhage [73, 78].

Conclusion

Technologic revolution in MDCT hardware and
software has enhanced speed, coverage, and resolu-
tion of CTP. CTP has the potential to decrease mor-
bidity of acute stroke. Incorporation of CTP as part
of a “one-stop” acute stroke imaging examination is
possible with the current MDCT scanners to rapid-
ly and accurately answer the crucial questions relat-
ed to acute stroke triage. As new treatments are de-
veloped for stroke, the potential clinical applications
of CTP in the diagnosis, triage, and therapeutic
monitoring of these diseases will increase.

Fig. 7. Probability maps. Scans from
a patient who presented to the emer-
gency department with acute stroke
symptoms of aphasia and right hemi-
paresis. The image on the left is a
probability map constructed from
the admission computed tomogra-
phy angiography source images
(CTA-SI) and CT perfusion (CTP) data,
with brain regions likely to be irre-
versibly injured despite successful
treatment shown in color. On the
right is a follow-up magnetic reso-
nance (MR) scan, with the region of
the final stroke shown in red. This
portends improved methods for visu-
alizing perfusion defects and synthe-
sizing several imaging parameters in-
to a single set of images, facilitating
interpretation. (Figure courtesy of
Ona Wu, Ph.D.)
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