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ABSTRACT

Acute ischemic stroke is a leading cause of adult disability worldwide. Modern endovascular treatment for

acute ischemic stroke is predicated on advanced imaging modalities and the identification of salvageable

tissue. Unlike noncontrast computed tomographic (CT) imaging or traditional magnetic resonance imaging,

CT perfusion (CTP) imaging offers an active view of cerebrovascular physiology with multiple parameters

involved. Though limited by the different equipment and analytic software used to quantitatively assess the
Keywords: extent of ischemia and penumbra, CTP imaging nevertheless serves as an excellent tool for neurointerven-
CT perfusion tionists. The rapidity by which CT perfusion may be obtained coupled with its potential for predicting infarct
Intervention can lead to faster intervention times. Although each imaging modality offers its own set of advantages and
Penumbra disadvantages, we find from our experience that CTP utilized in conjunction with a clinical examination
Stroke leads to an effective model for identifying patients suitable for endovascular intervention.

Address: Kenneth V. Snyder, MD, PhD, University at Buffalo Neurosurgery 100 High Street, Suite B4 Buffalo, NY 14203, USA, e-mail: ksnyder@ubns.com
DOI: 10.1016/j.crvasa.2016.01.008

Please cite this article as: S.A. Munich, et al., Role of CT perfusion in acute stroke management, Cor et Vasa 58 (2016) e215-224 as published in the online version of the Cor et Vasa
available at http://www.sciencedirect.com/science/article/pii/S0010865016000102



S. A. Munich, H. J. Shakir, K. V. Snyder

227

Introduction

Acute ischemic stroke affects approximately 795,000 per-
sons each year, resulting in an annual cost of $17.5 billion
[1]. It remains the leading cause of adult long-term di-
sability, with more than 50% of patients requiring dis-
charge to a rehabilitation facility. Intravenous (IV) tissue
plasminogen activator (tPA) remains the only treatment
for acute ischemic stroke approved by the U.S. Food &
Drug Administration. However, given the strict eligibility
criteria, this treatment is administered to only a minority
of patients, with less than 10% of stroke patients recei-
ving IV-tPA [2].

Endovascular intervention is ushering in a new wave
of stroke treatment. The recent publication of 5 rando-
mized, controlled studies has demonstrated its beneficial
effects on reperfusion and clinical outcome in patients
with proximal, anterior-circulation occlusion [3-7]. Not
limited by the strict eligibility criteria of IV tPA, endo-
vascular treatment has expanded the number of patients
undergoing treatment for acute ischemic stroke.

The treatment of patients presenting with acute ische-
mic stroke has its foundation on identification and reper-
fusion of the ischemic penumbra. Astrup et al. [8] first in-
troduced the term “ischemic penumbra” in 1981 as “tissue
within the thresholds of functional impairment (electrical
failure) and morphological integrity (ion pump failure)
that has the capacity to recover if perfusion is improved”.
Conversely, tissue in which blood flow falls below these
thresholds is considered to have completed infarction and,
therefore, is refractory to reperfusion [9]. Identification

and differentiation of these regions versus those with po-
tentially salvageable tissue (ischemic penumbra) is critical
in the evaluation of patients with acute ischemic stroke.

Early imaging evaluation

In the National Institute of Neurologic Disorders and
Stroke (NINDS) trial [10], patients presenting with acute
ischemic stroke underwent a noncontrast computed to-
mographic (CT) scan of the head to exclude intracranial
hemorrhage and evaluate for completed infarctions prior
to the administration of IV tPA. Due to its rapidity and
widespread availability, this technique has remained the
mainstay of the radiographic evaluation of acute ische-
mic stroke patients. Although very sensitive for the de-
tection of hemorrhage, a noncontrast head CT scan lacks
the sensitivity for early detection of ischemic stroke (i.e.,
within the first 3-4 h after a stroke has occurred).

The European Cooperative Acute Stroke Study (ECASS)
trial excluded patients in whom “parenchymal hypoden-
sity, and/or effacement in more than 33% of the middle
cerebral artery (MCA) territory” was present [11]. These
findings are considered indicative of completed infarct
and, therefore, are not useful in identifying salvageable
tissue. This concept was formalized with the creation of
the Alberta Stroke Programme Early CT Score (ASPECTS)
in 2000, which was developed in an effort to predict out-
come of hyperacute stroke [12]. This score divides the
MCA territory into 6 territories, with each assigned one
point (Fig. 1). One point is subtracted for each area de-

Collateral Scoring Template

ASPECTS template.

Vascular enhancement distal to occlusion is scored in anterior and posterior MCA territories as:
0 — None to minimal vascular enhancement compared to contralateral hemisphere

1 — Some vascular enhancement compared to contralateral hemisphere but not normal

2 — Normal to increased vascular enhancement compared to contralateral side

Please note that anterior MCA territory (green) corresponds to M1, M4, M5 regions on an
ASPECTS template. Posterior MCA territory (blue) corresponds to M2, M3, M6 regions on the

Fig. 1 - Schematic illustrations of head CT scans demonstrating ASPECTS collateral scoring. Reproduced
with permission from http://www.aspectsinstroke.com/collateral-scoring/training-cases/13681c¢2226/

(accessed 11. 12. 2015).
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Fig. 2 - Normal computed tomographic perfusion (CTP) imaging study. Upper left, noncontrast head CT scan
without evidence of any abnormality. Notice the symmetry in color for each component of the CT perfusion
maps (remaining images), indicating normal flow without any evidence of large-vessel occlusion.

Fig. 3 - CTP imaging study showing a right-sided middle cerebral artery (MCA) stroke without any salvage-
able penumbra. Of the six-image panel, the upper right image represents time to peak (TTP), which indica-
tes a delay in blood flow to the region of the brain seen as bright red on the color map. The upper middle
component of the six-image panel represents cerebral blood volume (CBV). Notice the dark blue within
that image, which highlights significant core infarct and large volume loss. Regions of irreversibly infarcted
tissue show matched areas of decreased CBF and TTP. No stroke intervention was offered for this patient.

monstrating early ischemic changes (e.g., focal swelling mia. In other words, it predicts tissue that is already is-
or parenchymal hypoattenuation). Though the ASPECTS chemic.

correlated with the presenting National Institutes of He- Invoking the mantra that “time is brain,” the ideal
alth Stroke Scale (NIHSS) score and predicted functional imaging study in the triage of patients presenting with
outcome, it remains unable to predict impending ische- symptoms of acute ischemic stroke would be: (1) rapid, (2)
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accurate, (3) capable of identifying and differentiating ti-
ssue at risk, but salvageable, from tissue that is already
infarcted and at risk for hemorrhage with reperfusion. As
mentioned, although a noncontrast head CT scan can be
obtained rapidly, this imaging modality is relatively ina-
ccurate for detecting hyperacute stroke and incapable of
identifying and differentiating the ischemic penumbra.
However, these principles are fulfilled by CT perfusion
(CTP) imaging.

Computed tomographic perfusion imaging

A detailed description of the theoretical and technical ba-
ses of CTP is beyond the scope of this text, but we refer
the reader to thorough reports by Konstas et al. [13,14].
The basis of CT perfusion imaging is the “tracking” of
a single injected bolus of iodinated contrast material
through the cerebral circulation via sequential spiral CT
scanning. Using this technique, the following parameters
are measured: cerebral blood flow (CBF), cerebral blood
volume (CBV), time to peak (TTP), and mean transit time
(MTT). CBF is measured in mL of blood per 100 g of pa-
renchyma per minute (normal: 50 mL/100 g/min), whereas
CBV is measured in mL of blood per 100 g of parenchyma
(normal: 5 mL/100 g) [15,16]. MTT is a measurement of the
mean time for blood to travel through a given volume of
brain, thereby reflecting the amount of time it takes for
the bolus of contrast material to pass from the arterial to
the venous circulation. TTP is the delay between the first
arrival of contrast material intracranially and the time at
which the contrast reaches its peak concentration in a gi-
ven region of parenchyma.

Using these parameters, one can utilize hemodynamic
differences to assess the intracranial vascular physiology.
In cases of normal intracranial perfusion, there is symme-
try of all CTP parameters, with CBV and CBF being higher
in gray matter than white matter secondary to normal
hemodynamic differences between these tissues (Fig. 2)
[17]. In this way, CTP is a form of “physiologic imaging,”
representing active cerebrovascular physiology, rather
than just its result (e.g., hypodensity on a CT scan, reflecti-
ng a completed infarct).

Utilization of CTP in evaluating acute
ischemic stroke

An acute infarct is easily visualized using CTP. Due to loss
of cerebral autoregulation, areas of irreversible infarction
demonstrate matched decreases in CBF and CBV, with inc-
reased MTT and TTP (Fig. 3). Severe decreases in CBV (<30-
40% compared to CBV in the normal, contralateral side)
have been shown to accurately reflect core infarct when
compared to diffusion-weighted magnetic resonance ima-
ging (MRI) sequences [18]. Concomitant decreases in CBF
(<30% compared to the normal, contralateral side) further
support the prediction of core infarct [19-22].

Conversely, in areas of ischemic penumbra, there may
be a mild decrease in CBF with preserved CBV (Fig. 4) [19-
21]. However, because of the impairment of blood supply
to this region, TTP and MTT are increased, reflecting the

fact that the blood is taking alternative (i.e., collateral)
routes to supply the territory [22]. These findings are con-
sistent with intact, but stressed, autoregulation in which
vasodilation and recruitment occur. Consequently, CBF
is typically >30% of that in the normal, contralateral he-
misphere, whereas CBV is 60% of normal. However, rela-
tive (r) MTT has been shown to be the CTP parameter that
most accurately describes salvageable penumbra [18].

Determination of these CTP patterns has traditionally
been done through simple visual inspection and, therefo-
re, is affected by the subjectivity and biases inherent to this
approach. However, increasingly, utilization of analytic
software is being implemented to provide quantitative as-
sessments of ischemia and penumbra [23,24]. This quanti-
tation has also led to the development of “CTP thresholds”
for defining area of infarct. For example, some investiga-
tors have suggested that CBF <25 mL/100 g/min and CBV <2
mL/100 g are thresholds below which tissue has experien-
ced completed infarct [18,25]. Variations in scanning equi-
pment, protocols, and software may limit extrapolation of
these thresholds across different institutions [18]. Therefo-
re, although these thresholds should be interpreted and
applied with caution, their development suggests that CTP
is moving from a tool for qualitative assessment to one of
quantitative assessment. Further development and investi-
gation of the CTP thresholds are needed and may permit
more precise analysis of ischemia and penumbra.

Comparison with magnetic resonance imaging

Many consider diffusion-weighted MRI to be the stan-
dard noninvasive imaging technique for the evaluation
of ischemic brain tissue. With the introduction of MRI
perfusion imaging, MRI increasingly is being utilized for
evaluation of the penumbra and the subsequent triage of
patients presenting with symptoms of acute ischemic st-
roke. Given the greater expense and time associated with
MRI compared to CT imaging, it is critical to compare the
two techniques.

In their analysis of 64 patients presenting within 3-6
h of symptom onset, Campbell et al. [26] demonstrated
concordance between CTP mismatch (i.e., the area of
mismatch between increased TTP/MTT and loss of CBV,
or the ischemic penumbra [18-21,27]) and perfusion—di-
ffusion MRI in 90% of studied cases. Similar findings were
reported by Schramm et al. [28], who concluded that CTP
and CTA were as effective, efficient, and accurate as MRI
in determining infarct extent and perfusion deficit. The
utilization of CTP in the setting of hyperacute stroke (pa-
tients presenting <3 h from symptom onset) also has been
shown to be as accurate as diffusion-weighted MRI in de-
fining the infarct volume [29]. Perhaps most importantly
and clinically relevant, Wintermark et al. [30] concluded,
in their study consisting of 42 patients in whom CTP or
MRI was obtained within 3-9 h of symptom onset, that
relying on either MRI or CTP imaging would have led to
the same treatment decisions. Though diffusion-weigh-
ted MRI remains the noninvasive imaging standard for
defining the extent of core infarct, these data support
the notion that CTP is capable of rapidly and accura-
tely predicting infarct core. Although the speed of MR
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Fig. 4 - CTP imaging study showing an acute stroke of the right MCA territory with salvageable penum-
bra. The upper right panel indicates increased TTP (red area on perfusion map), whereas the upper middle
panel indicates no significant CBV loss as seen by the minimal blue coloring in the right MCA territory.
This patient underwent thrombectomy on the basis of CTP imaging findings and National Institutes of
Health Stroke Scale score.

Fig. 5 - CTP imaging study that is abnormal due to extracranial carotid stenosis. The left cerebral he-
misphere has increased TTP as demonstrated by the upper right panel. Notice the bottom right image is
relatively symmetrical because intracranial flow is normalized to the carotid artery at the skull base. It
is imperative during interpretation of imaging to account for possible overestimation of areas of acute
ischemic penumbra by evaluating concurrent CTA findings.

stroke imaging is improving, the greater availability and CTP pitfalls

decreased cost of CT imaging may make CTP a more at-

tractive option for the imaging triage of patients with Early CTP imaging was capable of assessing a region su-
acute ischemic stroke. rrounding the basal ganglia and, therefore, was primarily
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focused on detecting events involving the MCA territo-
ries. Therefore, with early protocols, ischemia affecti-
ng other vascular distributions or distal territories (e.g.,
watershed regions) could be easily missed. Similarly, the
poor resolution of these studies could miss small regions
of infarct that could be highly symptomatic if located in
eloquent regions. Current techniques, including the one
applied at our institution, are now capable of scanning
the entire brain, thereby increasing image resolution and
generating perfusion maps for all vascular territories [22].

CTP parameters are calculated from time-attenuation
curves that rely on differences between arterial inflow
and venous outflow. Therefore, appropriate selection of
arterial input and venous output functions from the sour-
ce images is critical to accurate perfusion representation.
Inaccurate arterial input and/or venous output functions
can result in both qualitative and quantitative errors [31].
We typically obtain the arterial input from the A2 seg-
ment of the anterior cerebral artery because of its ortho-
gonal orientation on axial CTP source images and its ease
of identification on multiple slices. Venous output routi-
nely is obtained from a dural venous sinus [22].

Because both CBV and CBF are calculated using a de-
convolution technique, these parameters are affected by
any condition causing a delay in passage of the contrast
bolus from the arterial to the venous circulation (e.g., ex-
tracranial arterial stenosis, congestive heart failure, atrial
fibrillation). As a result of such a delay, core infarct may
be overestimated. Interpretation of CTP in conjunction
with assessment of a CTA of the head and neck easily can
identify the potentially confounding factor of extracra-
nial stenosis (Fig. 5). Additionally, the application of al-
gorithms that shift the tissue time—density baseline curve
generating a delay map can also help clarify any potential
overestimation.

As discussed previously, interpretation of CTP parame-
ters and assessment of ischemic infarct versus penumbra
is based on relative values with the contralateral he-
misphere used as a reference. The inherent limitation
with this approach is the requirement for a normal, una-
ffected hemisphere. For example, a patient in whom CTP
is performed for evaluation of a left MCA thrombus will
have a potentially distorted CTP map in the presence of
a concomitant right extracranial carotid artery stenosis
that causes a contrast delay. Although various delay-sen-
sitive software/algorithms are now available, this pitfall
nonetheless is one that should not be overlooked by the
clinician.

Inherent to CTP is exposure to radiation and iodinated
contrast medium. In our experience, the mean dose-len-
gth product to the head in patients undergoing evaluati-
on with CTP plus CTA was 4807 mGy, and the mean dose-
-length product to the body was 619.8 mGy (unpublished
data). Absolute contraindications to the administration
of iodinated contrast medium are rare and include previ-
ous anaphylactic reactions. Routine preoperative prepa-
ration for patients with non-anaphylactic allergies at our
institution includes the administration of hydrocortisone
and diphenhydramine. Patients with underlying renal
dysfunction present additional concerns for the adminis-
tration of iodinated contract material. In our experience,
the risk of acute kidney injury in patients undergoing CTP

plus CTA followed by digital subtraction angiography for
the evaluation of acute ischemic stroke symptoms was
4.7% (unpublished data).

Clinical experience

At our institution, all patients presenting with symptoms
concerning for acute ischemic stroke undergo CTP and
CTA imaging immediately upon arrival to the emergency
room. Patients are taken for endovascular revasculariza-
tion based on a favorable CTP profile and regardless of
time from symptom onset (our patient selection protocol
is summarized in Fig. 6). In this way, we frequently treat
patients considered outside the traditional time windows.

Furthermore, the decision to proceed to intervention
is based not on only the findings on CTP but also on the
patient’s clinical condition. Placing greater emphasis on
CTP findings over those on the clinical examination is not
recommended, as the examination findings may be wor-
se than, or better than, those indicated by CTP imaging.
Therefore, endovascular therapists work alongside the st-
roke neurologists to determine a clear and agreed upon
NIHSS score prior to any intervention. The combination
of CTP and clinical examination drives the endovascular
team’s desire to treat acute stroke; nevertheless, we urge
providers to be cognizant of even basic noncontrast head
CT studies where tissue changes may be noted even prior
to the injection of any contrast material. Although our
institution heavily favors the utilization of CTP as an ex-
cellent and proven tool in the assessment of stroke, it is
incumbent and imperative that interventionists pay close
attention to the clinical examination along with the stan-
dardized NIHSS score.

Additionally, we have also used CTP imaging to predict
which patients may be high risk for post-revascularization
hemorrhage and outcome [32]. We found rCBV to have
a statistically significant association with post-revascula-
rization hemorrhagic transformation: rCBV of the basal
ganglia region was significantly lower in patients with he-
morrhage than those without. Though this finding did not
hold true for the rCBV in the cortical regions, cortical rCBV
was found to be significantly lower in patients with poor
clinical outcomes than those with favorable outcomes.

Conclusions

Acute ischemic stroke remains a leading cause of adult
disability. Rapid clinical and imaging evaluation is critical
to rapid intervention. CTP is another valuable imaging
tool in the growing toolbox of neurointerventionists,
providing information on cerebrovascular physiology.
By permitting identification and differentiation of pe-
numbra from areas of ischemic core, CTP may be better
able to select patients most suitable for endovascular in-
tervention. Our experience with CTP combined with the
clinical examination has led to an efficient, effective, and
algorithmic model for identifying patients amenable for
intervention. Lastly, we have demonstrated its utility in
identifying patients at risk for reperfusion hemorrhage,
as well as patients likely to achieve favorable outcome.
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AlS patients in whom IVT was
contraindicated or failed

v

C0n5|dered for endovascular revascularization

) if there is an occlusion that is amenable to
ndovascular revascularization and correlates with
the neurological deficit and 2) if perfusion imaging

is available, >50% occluded territory is penumbra

Y

Any factor that predicts worse outcome
1) Age =75 years, 2) Proximal occlusions

Any high risk of SICH - 1) Core >30% of
occluded territory, 2) Basal ganglia core,
3) =8 hrs of stroke onset or WUS

occluded territory, 2) Basal ganglia core,

Any high risk of SICH - 1) Core >30% of
3) =8 hrs of stroke onset or WUS

?

Revascularization after Aot
strict risk-benefit analysis;
Decrease chances of SICH
by using only mechanical

therapy and avoiding

t-PA and eptifibatide

Revascularization

without restriction Revascularization

Fig. 6 — Protocol for patient and therapy selection at Gates Vascular Institute. With permission from Kan
PT, Snyder KV, Yashar P, Siddiqui AH, Hopkins LN, Levy El. Utility of CT perfusion scanning in patient se-
lection for acute stroke intervention: experience at University at Buffalo Neurosurgery-Millard Fillmore
Gates Circle Hospital. Neurosurg Focus Jun 2011;30(6):E4.
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