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Technical Note

Dynamic CT Perfusion to Assess the Effect of Carotid
Revascularization in Chronic Cerebral Ischemia

Heidi C. Roberts, William P Dillon, and Wade S. Smith

Summary: We present the case of a female patient who was
studied with dynamic contrast-enhanced CT perfusion be-
fore and after carotid revascularization. Before treatment,
there was decreased perfusion in the ipsilateral insula,
which was shown to be resolved on the scan obtained 1 day
after treatment, indicating the technical success of the re-
vascularization. In the ipsilateral basal ganglia, there was
delayed contrast agent clearance from the tissue, which was
attributed to vasodilation; after revascularization, therere-
mained a subtle stenotic effect. The observed changes in
the dynamic CT perfusion study suggest that thistechnique
may be a useful tool in the evaluation of patients with
asymmetrical cerebral blood flow.

Judging the clinical significance of extracranial
and intracranial vascular stenosis can be problem-
atic. Vascular stenosis may cause brain infarction,
chiefly by generating emboli to the brain, but rarely
can produce infarction from alow flow state. In the
latter state, the brain is said to have ““misery per-
fusion” in which cerebral arterioles are maximally
dilated, autoregulation is exhausted, and cerebral
blood flow (CBF) begins to decline below normal
values. Brain oxygen extraction is increased to sus-
tain brain metabolism, and cerebral blood volume
(CBV) is increased (1—3). Because brain tissue
sustaining misery perfusion is at risk for infarction,
rational decisions regarding the use of cerebral re-
vascularization procedures could be based on quan-
titative or qualitative blood flow studies of the
brain. Although the quantitative measurements of
CBF provided by positron emission tomography
and xenon-enhanced CT can be considered a stan-
dard of reference, the availability of these tech-
niques is limited.

MR techniques used to evaluate cerebra perfu-
sion of patients with carotid artery and middle ce-
rebral artery (MCA) disease have been studied in-
tensely. The value of parameters such as CBF
CBYV, peak enhancement, time to peak enhance-
ment, and mean transit time of a contrast agent
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through the brain tissue is well established (4—6).
Recently, perfusion CT has been shown to be a
reliable alternative to MR perfusion imaging for the
early detection of stroke (7—10). Using unen-
hanced and contrast-enhanced helical scans and a
dynamic single-section acquisition during the ad-
ministration of the contrast agent, Koenig et a (7)
could calculate CBV and CBF and evaluate the dy-
namics of the contrast enhancement curve.

To highlight the usefulness of dynamic CT per-
fusion, we report a case of a female patient who
was studied before and after carotid revasculariza-
tion. The questions we wanted to answer were—
can dynamic CT perfusion show perfusion deficits
in a patient with critical carotid stenosis, and can
it show any immediate treatment effect after carotid
revascularization?

Patient History

The patient was a 78-year-old right-handed woman with hy-
pertension and previous small-vessel pontine stroke who pre-
sented with an acute right MCA distribution stroke. Her left
hemiparesis, rightward gaze deviation, and left hemiparesisre-
solved during the first day while she was being treated with
IV-administered heparin. Duplex sonographic imaging re-
vealed critical (>80%) right carotid artery stenosis at the in-
ternal carotid origin, which was confirmed by digital subtrac-
tion angiography, which revealed a critical stenosis (>90%) of
the right carotid artery. The patient underwent placement of a
carotid stent (SMART 8- X 40-mm stent, Cordis Endovascu-
lar), resulting in restoration of good internal carotid caliber and
recanalization of the right external carotid artery. Heparin was
discontinued, and the patient was treated with clopidogrel (75
mg per day) and aspirin (325 mg per day). After treatment, the
patient’s gaze deviation and hemiparesis returned but resolved
2 days after the procedure. At 6 weeks, the patient had normal
results of a neurologic examination, and duplex sonographic
imaging of the artery revealed a patent stent.

CT Protocol

The following CT protocol was performed before and 1 day
after the carotid stenting procedure. The CT protocol consisted of
five series, with data acquisition spanning approximately 15 min-
utes. Firgt, a scout scan was performed. Second, an unenhanced
helical study of the whole brain was obtained (table speed, 3 mm/
s, pitch, 1; field of view, 25 cm; tube voltage, 120 kV; tube
current, 240 mA; matrix, 512 X 512; standard algorithm). Third,
a dynamic contrast-enhanced cine sequence (without table move-
ment) was performed. The dynamic contrast-enhanced cine se-
quence was performed with section location at the level of the
third ventricle. This was done to cover the MCA territory, in-
cluding the insula and basal ganglia, as well as the vascular ter-
ritory of the anterior cerebral artery and posterior cerebra artery.
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Fic 1. Enhancement in the right and left insula after injection of 50 mL iodinated contrast agent before and after carotid revasculari-
zation.

A, Before revascularization there is considerable delayed and attenuated enhancement in the right insula compared with the left.
B, After treatment, this differerence is resolved and the contrast agent transit curves are symmetrical.

The technical parameters were section thickness, 5 mm; field of
view, 25 cm; tube voltage, 120 kV; tube current, 100 mA; matrix,
512 X 512; standard algorithm, rotation time, 1 s, acquisition
time, 30 ). This was performed with the administration of the
contrast agent performed during the cine-sequence acquisition
(volume, 50 mL; injection rate, 3 mL/s, IV needle, 18-gauge;
delay to start of the cine-sequence, 9 s). Fourth, contrast-enhanced
helical study of the whole brain was performed. Technical param-
eters and location were identical to those used in series 2. Contrast
agent was administered at a volume of 100 mL at an injection
rate of 3 mL/s, and the helical scan started with a delay of 20 s.
Fifth, secondary reconstruction of series 4 with a soft agorithm
and 2-mm intervals was obtained.

From the acquired data, subtraction images were created sub-
tracting corresponding images of series 2 from series 4, yielding
spatial maps of the change in Hounsfield units on a voxe-by-
voxel basis. Dividing the density changes in tissue by the density
changes in blood on a voxel-by-voxel basis was performed to
normdlize the tissue enhancement by the vascular enhancement
and revealed fractional blood volume (fBV) maps covering the
whole brain.

From series 3, irregularly shaped regions of interest were
drawn in blood (anterior cerebral artery and sagittal sinus) as
well as tissue areas of interest (insula, basal ganglia, whole
MCA territory, anterior cerebral artery, and posterior cerebral
artery territory) using the MRVision software package (The
MRVision Company, Menlo Park, CA). These were investi-
gated to reveal the contrast agent transit curve. Furthermore,
from the obtained density values, the following parameters
were calculated. The peak was the maximum density change
(Hounsfield units) after the administration of contrast agent.
The time to peak was the elapsed time from the start of the
cine sequence to the peak CBV, which was the integral of the
tissue Hounsfield unit curve divided by the integral of the
blood Hounsfield unit curve. This postprocessing of the cine
sequence (3) takes approximately 10 minutes on a UNIX work-
station. From series 4, we created CT angiograms by using 3D
surface rendering or maximum intensity projection agorithms
or both.

Results from CT Perfusion Study

Before Revascularization

Unenhanced CT scans showed multiple lacunar in-
farcts in the right thalamus, left externa capsule, and
left lateral putamen. There was no mass effect, no
edema, and, thus, no sign of a new infarction. The
CT perfusion study revealed delayed and attenuated

contrast enhancement in the right insula (Fig 1)
caused by the carotid stenosis. This chronic ischemic
effect was aso reflected by alower CBV on the right
side compared with the left insula (right:left ratio,
83%; Table), as well as a higher and earlier peak
(Table). In the right basal ganglia, the initia arriva
of the contrast agent was not impaired compared with
the contralateral side; however, the peak was greater
on the right, and time to peak as well as washout
were delayed (Table, Fig 2). This mechanism yields
an increased CBV in the right basal ganglia com-
pared with the contralateral side (right:left ratio,
119%,; Table). The BV maps reveded a dightly in-
creased intensity in the whole right MCA territory
(Fig 3), which was attributed to the vasodilation.

After Revascularization

One day after dilation of the right carotid artery
and stent placement, both the contrast transit curves
(Fig 1) and the quantified parameters (Table) in the
insula were similar on both sides. In the basal gan-
glia, there was a remaining subtle stenotic effect,
reflected by the transit curve (Fig 2) and by the
dightly lower CBV on the right side (right:left ra-
tio, 89%) and the lower enhancement peak (Table).
The gpatial maps of the fBV showed a smaller area
and lower intensity in the right MCA compared
with the pretreatment maps (Fig 4).

Discussion

Perfusion CT of the brain combines the contin-
uous, dynamic data acquisition of a single section
with the IV administration of an iodinated contrast
agent bolus. This technique allows observation and
quantification of the contrast agent transit through
the brain. Such a method can be used to assess
asymmetric changes in cerebral perfusion—isch-
emic effects, which result in a slow and attenuated
enhancement and autoregulatory vasodilation,
which yield an increased enhancement and delayed
washout. Thus, CT perfusion potentialy helps in
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Cerebral blood volumes (CBV), peak and time to peak for differ- evaluating the clinical significance of extracranial
ent anatomical areas before and after revascularization, calculated and intracranial vascular stenoses, in pIanni ng the
from the dynamic CINE CT acquisition need for revascularization procedures, and in pre-
Before Revascularization After Revascularization phctlng_ a patient’s prognosis after a cerebral
ischemia.

Right Left v/l Right Left In the presented case of a patient with a right

CBV carotid artery stenosis, the CT perfusion technique
Insula 50% 6.0% 83% 41% 4.4% 94% reported changes in perfusion parameters that were
Basd ganglia  5.1% 4.3% 119%  3.4% 3.8% 89% expected after carotid revascularization. Before ca-
Pesk rotid stent placement, there was decreased perfu-
Insulal #5377 22 23 25 03 sion in the ipsilateral insula (Fig 1). In the ipsilat-
Basdl ganglia 367 355 12 405 418 —13 eral basal ganglia, we found delayed contrast agent

_ clearance from the tissue (Fig 2), which is attrib-
Time to peak uted to a dilation of those vessels supplying the
Insula 150 120 30 150 150 00 basal ganglia compared with the normal side. The
Basd ganglia 170 140 30 150 150 00 asymmetric insular findings were resolved on the
Note.—To correct for the different contrast agent bolus and different scan obtained 1 day after treatment (Fig 1), indi-
delay between start of contrast injection and start of the CINE scan cating the technical success of the revasculariza-
before and after treatment, values are also presented as right/left ratio tion. In the right basal ganglia, there was still a
(for CBV) and difference between right and Ieft (for peak and time to subtle stenotic effect visible (Fig 2). These ob-
peak). served changes in the dynamic CT perfusion scans

and maps suggest that dynamic CT perfusion may
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Fic 2. Enhancement in the right and left basal ganglia after injection of 50 mL iodinated contrast agent before and after carotid
revasularization.

A, Before treatment, there is symmetric initial enhancement; however, the peak is later and higher and the washout is delayed on the
right side compared with the left. This indicates loss in autoregulation and “pooling” of contrast agent.

B, The findings described in A are resolved 1 day after treatment, indicating reversal of vasodilation. A subtle stenotic effect on the
right is indicated by a flatter curve and a lower contrast enhancement peak.

Fic 3. CT images before revascularization. Precontrast (A), postcontrast (B) (after 150 mL contrast agent administration), and calcu-
lated fBV maps (C) are shown. The vessels in the right MCA territory appear dilated (B, arrow), and there is an increased fBV in the
same area (C, arrow).
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Fic 4. CT images after revascularization. Precontrast (A), postcontrast (B) (after 150 mL contrast agent administration), and calculated
fBV maps (C) are shown. Vascular dilatation and hyperintensity on maps is less obvious compared with that shown on pretreatment
maps.

be a useful tool in the evaluation of patients with
asymmetrical blood flow to the brain.

The technique of CT perfusion was originally
described in the early 1980s (11— 13). At that time,
CT was limited mainly by low temporal resolution.
Currently, however, newer technologies allow a
temporal resolution of 1 second or less per scan,
which is necessary to observe the transit of the I'V-
administered contrast agent through the brain.

Recent publications describe the use of contrast-
enhanced helical CT to calculate BV maps of pa-
tients with acute stroke (14). Although thisis useful
for patients with acute stroke and thus reduced
blood volume, for patients with chronic vascular
stenoses, as in the present case, the mere calcula-
tion of fBV maps does not reveal sufficient infor-
mation. Patients with chronic carotid stenoses
might have decreased cerebral perfusion, and thus
decreased contrast enhancement, in combination
with arteriolar vasodilation from autoregulation, re-
sulting in delayed washout (15—17). Paradoxically,
this physiologic compensation may lead to in-
creased or unchanged fBV values compared with
the normally perfused tissue.

Using dynamic contrast-enhanced CT perfusion,
one can separate the components of perfusion and
vascular compartment volume. One must ensure that
the cine sequence covers the complete contrast agent
transit curve. Thus, scanning has to be extended over
30 seconds. With such a protocol, abnormalities in
perfusion can be detected in the wash-in phase (eg,
delay and attenuation in contrast agent arrival) (Fig
1) as well as changes in the vascular volume in the
washout phase (from autoregulation) (Fig 2). Both
delayed enhancement (15) and an increase in blood
volume have been found using MR imaging by pre-
vious investigators (16), in agreement with the CT
perfusion changes in the present case.

From the acquired data, it is possible to subtract
images, calculate maps based on a pixel-by-pixel
analysis (Fig 3, 4), or draw regions of interest in
areas that are then used to calculate the parameters
of interest. In our experience, changes in contrast

agent transit are sometimes too subtle to be seen
on subtraction images or even maps but are, how-
ever, clear in time-course analysis of region-of-in-
terest measurements.

The combination of CT angiography and CT per-
fusion can reveal the extent of collateral CBE It
has been described (14) that the combination of 3D
functional CT and “‘perfused” blood volume can
provide information regarding brain at risk for hy-
poperfusion. To address this further, the cine se-
quence could be repeated under stressful condi-
tions, either during breathhold (18, 19) or
pharmacologic intervention (20, 21), both of which
have been tested with MR imaging.

Compared with MR imaging, perfusion assess-
ment with dynamic CT has certain advantages. CT
is dtill the primary imaging technique to exclude
intracranial hemorrhage or to reveal infarcted, hy-
poattenuated areas or edema among patients with
brain ischemia (22, 23). Helical CT scanners are
much more readily available, and the acquisition is
fast and reliable. As opposed to MR images, with
which the relationship between the contrast agent
concentration and the signal intensity is nonlinear,
there is a linear relationship between the density
changes on CT scans and the contrast agent accu-
mulation, allowing more robust kinetic analysis (7).
The disadvantages are that, with most CT scanners,
a dynamic series to observe the whole contrast
agent transit through a tissue, including wash-in
and wash-out phase, can be obtained in a single
section only. Future developments, such as multi-
section CT, will alleviate this obstacle. Other dis-
advantages include the patient’s exposure to irra-
diation and contrast agent administration. To
address the first concern, for the cine sequence, the
tube current was reduced to 100 mA. To address
the latter concern, the contrast agent administration
was split into two doses. The injection of 50 mL
for the cine sequence alows for a compact bolus
and is still sufficient to achieve detectable increases
in Hounsfield units. Additional 100 mL for the sub-
sequent helical scan is both necessary and sufficient
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for calculating blood volume maps and obtaining
high-quality CT angiograms. Provided that normal
kidney function and hydration is maintained, the
whole administered amount of 150 mL is low
enough that the proposed protocol can be applied
in a patient with a presumed acute stroke who
might proceed to angiography after the CT study
is finished (24, 25).

A general limitation of dynamic CT perfusion as
well as MR perfusion studies is their qualitative
result. One can compare flow parameters only be-
tween hemispheres, which might be limiting in a
case of abilateral disease. Also, the long bolus ad-
ministration time might cause some variability, so
that it might be difficult to generate normal values
from a collective of volunteers.

In summary, dynamic CT perfusion may be a
useful tool to detect brain perfusion asymmetry,
which may be relevant to help plan the need for
revascularization procedures, such as endarterec-
tomy, angioplasty, stenting, and bypass surgery.
The proposed protocol combines the assessment of
the cerebral vasculature with CT angiography as
well as the perfusion of the brain tissue, which may
help tailor emergent stroke therapy. At our insti-
tution, the presented protocol is used routinely in
al patients with chronic ischemia for whom a re-
vascularization procedure is planned. Furthermore,
we currently implement this technique for patients
with suspected acute infarction to investigate the
role of dynamic CT perfusion in confirming the
diagnosis of stroke and predicting eventual brain
infarct size.
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