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Dynamic CT Perfusion Imaging with
Acetazolamide Challenge for Evaluation of
Patients with Unilateral Cerebrovascular Steno-
Occlusive Disease

BACKGROUND AND PURPOSE: Perfusion CT (PCT) has the ability to measure quantitative values and
produce maps of cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit time (MTT).
We assessed cerebral hemodynamics by using these parameters and acetazolamide challenge in
patients with cerebrovascular steno-occlusive disease.

METHODS: Fifteen patients underwent PCT with acetazolamide challenge. Comparison of mean CBF,
CBV, and MTT was determined between hemispheres and before and after acetazolamide challenge.
Hemispheric ratio and percent change due to acetazolamide administration were also calculated.
Absolute values and percent changes 2 SDs outside the mean from the nonstenotic hemispheres
were defined as abnormal.

RESULTS: Significant decreases in CBF (—25.1%, P = .003) and significant increases in MTT (47.1%,
P < .001) were found in stenotic hemispheres. After acetazolamide challenge, significant changes in
CBF (=39.5%, P < .001) and MTT (92.9%, P < .001) were also seen. The acetazolamide test
significantly decreased CBF hemispheric ratio (—20.3%, P < .001) and increased MTT hemispheric
ratio (30.8%, P = .002), making both maps more asymmetric. Significance in CBF and MTT percent
changes (P < .001 and P = .005, respectively) was found between hemispheres. WWhen CBF percent
changes were assumed to represent the true determinant of hemodynamic impairment, normal
ranges of baseline MTT value and MTT percent changes demonstrated sensitivities of 66.7% and
100% and specificities of 58.3% and 75%, respectively, for detecting patients with hemodynamic
impairment.

CONCLUSION: Parameters obtained from PCT with acetazolamide are promising for the evaluation of

Arterial stenosis or occlusion can cause a reduction in the
pressure in the distal arterial vessels; however, the degree
of stenosis or the presence of arterial occlusion does not accu-
rately predict the hemodynamic status of the distal circula-
tion." Collateral circulation can maintain normal cerebral per-
fusion pressure and normal cerebral blood flow (CBF) in
many of these patients. When collaterals are not adequate to
maintain normal perfusion pressure, reflex vasodilation oc-
curs to maintain normal blood flow. This response, as well as
the reflex vasoconstriction observed with increased perfusion
pressure, is known as autoregulation.

In some studies, the measurements of cerebral blood vol-
ume (CBV) or mean transit time (MTT) are intended to detect
the presence of autoregulatory vasodilation.” Increases in CBV
are found distal to stenotic or occluded carotid arteries in
some patients, but this response may be variable. MTT may be
more sensitive than CBV alone for the identification of auto-
regulatory hemodynamic compromise.

Another category of studies uses paired CBF measurements
with the initial measurement obtained at rest and the second
measurement obtained following a cerebral vasodilatory stim-
ulus to calculate percent changes.” Normally, this will result in
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cerebral hemodynamics in patients with cerebrovascular steno-occlusive disease.

a robust increase in CBF. If the CBF response is muted or
absent, pre-existing autoregulatory cerebral vasodilation due
to reduced cerebral perfusion pressure is inferred.

Although a number of different methods of perfusion im-
aging may be used to evaluate patients with cerebrovascular
insufficiency, many of these previously reported methods
(such as positron-emission tomography and xenon-enhanced
CT) may be unavailable outside large centers. The usefulness
of dynamic perfusion CT (PCT) imaging for early diagnosis of
acute ischemic stroke has been previously reported, and it has
become a promising tool for a quick and inexpensive evalua-
tion of the cerebral circulation in an acute stroke. However,
there are few reports assessing the feasibility of PCT in the
evaluation of patients with chronic cerebral ischemia.’” The
purpose of our study was to assess cerebral dynamics by per-
fusion parameters of PCT before and after acetazolamide chal-
lenge in patients with unilateral significant cerebrovascular
steno-occlusive disease.

Methods

Theory

PCT is performed on the basis of the central volume principle by
monitoring the first pass of a bolus of iodinated contrast material
through the cerebral vasculature.® The contrast agent infused at a
slower rate (eg, 4 mL/s) causes a transient increase in attenuation,
proportional to the amount of contrast material in a given region. We
also assume that a linear relationship exists between the enhancement
in CT numbers and the concentration of contrast material within an



Table 1: Patient characteristics and hemodynamic impairment in hemispheres distal to stenoses

Hemodynamic Impairment in Hemispheres Distal to
Stenoses

Defined by %

Defined by Normal Ranges Change

Cerebrovascular CBV
Patient No./Age (y)/Sex History Vascular Pathology (mL/100 g) MTT (s) CBF MTT
1/81/M Asymptomatic Stenotic right ICA, 95%
2/61/F Asymptomatic Stenotic left MCA, 70% 5.5, prolonged
3/83/M Asymptomatic Stenotic left ICA, 95% 6.1, increased 6.3, prolonged
4/54/M Asymptomatic Stenotic left ICA, 75% 5.1, prolonged 32
5/64/F Asymptomatic Stenotic left MCA, 90%
6/63/F TIA Occluded left MCA
7/49/M TIA Occluded left MCA 6.0
8/73/M TIA Occluded left ICA 5.5, prolonged
9/73/M TIA Occluded left MCA 6.8, prolonged
10/58/M TIA Occluded right MCA
11/75/M TIA Stenotic right ICA, 75%
12/68/M TIA Occluded right ICA 8.9, prolonged —20.8 14.3
13/82/F RIND Stenotic right ICA, 95% 19.8
14/74/F Minor stroke Occluded right MCA 6.2, prolonged —25.7 58.4
15/66/F Minor stroke Stenatic left MCA, 70% —31.6 93.7

Note:—CBV indicates cerebral blood volume; CBF, cerebral blood flow; MTT, mean transit time. TIA, transient ischemic attack; RIND, reversible ischemic neurologic deficits; ICA, internal

carotid artery; MCA, middle cerebral artery.

artery or brain tissue region and that contrast material and blood have
the same hemodynamic properties. Deconvolution of arterial and
tissue enhancement curves, a complex mathematic process, gives the
MTT. The CBV is calculated as the area under the curve in parenchy-
mal pixels divided by the area under the curve in arterial pixels. CBF is
calculated as CBV/MTT.

Designs

From July 2003 through August 2005, PCT scans with acetazolamide
challenge were retrospectively reviewed in patients who were selected
with the following criteria: normal findings on a nonenhanced CT
scan of the brain and bilateral biplane common carotid arteriography
showing unilateral stenosis with >70% diameter reduction (Table 1).
The patients had to have normal contralateral cerebrovasculature.
There was no newly developed neurologic deficit at the time of PCT.

Imaging Protocol

PCT studies were performed on a CT unit equipped with an 8-detec-
tor array (LightSpeed, GE Healthcare, Milwaukee, Wis). After non-
enhanced CT of the whole brain, 4 adjacent 5-mm-thick sections were
selected at the level of the basal ganglia that covered all 3 vascular
territories. We also activated the red laser alignment light on the CT
scanner and made 3 marks on the patient’s skin. A bolus of 40 mL of
iodinated contrast material was injected at a rate of 4 mL/s into an
antecubital vein with a power injector. At 5 seconds after the injec-
tion, dynamic (continuous) scanning was initiated with the following
technique: 120 kVp, 60 mA, 4 X 5 mm-thick sections, and 1-second
per rotation for 50 seconds. The 1-second images were reformatted at
0.5-second intervals, and the 5-mm-thick sections were reformatted
into two 10-mm-thick sections. PCT was performed repeatedly, ap-
proximately 15 minutes after intravenous bolus injection of 1 g of
acetazolamide. With the aid of the skin marks, the same section could
be obtained reliably.

Data Analysis
An experienced neuroradiologist (P.-S.Y.) used the anterior cerebral
artery contralateral to the stenoses as the arterial input and the supe-

rior sagittal sinuses as the venous outflow to maintain a constant
technique in the generation of perfusion maps. The same author drew
identical-sized mirrored regions of interest (ROIs) manually on the
reference CT image from the cine dataset over the cortical gray matter
of the expected territory of the middle cerebral arteries bilaterally,
taking care to exclude large cortical vessels. Maps of the CBF, CBV,
and MTT were then generated with ROIs in place (Fig 1) by using a
workstation (Advantage Windows, GE Healthcare) with PCT soft-
ware. From each ROI, the absolute values of the CBF, CBV, and MTT
were calculated.

The cerebral hemodynamic status was also assessed by hemi-
spheric ratio and percent changes. Hemispheric ratio was determined
by dividing the absolute values in the stenotic hemispheres by those in
the nonstenotic sides. Percent changes in each hemisphere were cal-
culated as follows: percent changes (%) = (parameters,,-param-
etersy ceine) & parametersy, ine X 100, where parametersg, ;. and
parameters -, represented parameters before and after intravenous
injection of acetazolamide, respectively. Two-tailed paired t tests were
used to (1) compare mean perfusion parameter values in stenotic
hemispheres with those in nonstenotic sides, (2) compare the mean
CBF, CBV, and MTT hemispheric ratios before injection of acetazol-
amide with those after challenge, (3) compare mean perfusion pa-
rameter values before injection of acetazolamide with those after chal-
lenge in hemispheres ipsilateral and contralateral to the stenoses, and
(4) compare the mean CBF, CBV, and MTT percent changes in ste-
notic hemispheres with those in nonstenotic sides.

In addition, perfusion measurements from the baseline values and
percent change of nonstenotic hemispheres were used to define the
normal ranges. Values outside the normal ranges determined between
the mean plus 2 SDs and that minus 2 SDs were considered to be
abnormal (hemodynamic impairment).

Results

Patient Characteristics
We identified 15 patients (9 men, 6 women; age, 68 =+ 10 years
[mean * SD]) who fulfilled the inclusion criteria. Table 1
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Fig 1. MTT maps in a 66-year-old woman.

A, MTT map before acetazolamide infusion shows prolonged
MTT in the left hemisphere represented as areas displayed
(yellow and green arrow). The ROl placed in the left hemi-
sphere (arrowhead) does not include the areas of maximal
MTT elevation.

B, MTT map obtained 15 minutes after infusion of acetazol-
amide, with use of the same section location and display
parameters as those in A. Despite appropriate response on
the right, no shortening in MTT is apparent in the left
hemisphere. Instead, additional prolongation in MTT can be
seen in areas in the left middle cerebral artery territory and
the frontal lobe (arrow). By using ROI analysis, we measured
a paradoxical prolongation in mean cortical MTT value of
93.7% on the left and interpreted it as evidence of hemody-
namic impairment due to reduced perfusion pressure.

Table 2: Values of perfusion CT parameters and percentage change before and after acetazolamide in the cerebral hemispheres ipsilateral

and contralateral to the stenoses

Mean CBF (mL/100 g/min)

Mean CBV (mL/100 g)

Mean MTT (s)

Hemispheres  Hemispheres

Hemispheres

Hemispheres Hemispheres ~ Hemispheres

Ipsilateral to  Contralateral Ipsilateral to  Contralateral Ipsilateral to  Contralateral
Stenotic to Stenotic Stenotic to Stenotic Stenotic to Stenotic
Side Side P Value Side Side P Value Side Side P Value
Baseline 523 +18.8 69.8 +32.2 .003 39+12 30+13 933 5017 34+08 <.001
Acetazolamide 58.9 + 26.3 97.4 =471 <.001 34+17 35+15 643 54+22 28+07 <.001
P Value 137 <.001 126 .003 296 <.001
Mean CBF Mean CBV Mean MTT
% change 12.53 = 32.20 40.68 + 26.98 <.001 12.69 + 23.78 21.14 + 34.45 244 8.81 = 30.06 —17.72 = 10.38 .005

Note:—Values are mean = SD. CBF indicates cerebral blood flow; CBV, cerebral blood volume; MTT, mean transit time.

provides clinical information, cerebrovascular history, and
significant vascular anatomy from each patient. Severe arterial
stenoses were suggested by MR angiography in 14 patients and
by duplex sonography in 1 patient. Five patients who were
asymptomatic underwent MR angiography during medical
checkups. Digital subtraction angiography and PCT were re-
quested to confirm the presence, quantify the degree, and eval-
uate the hemodynamic significance of the stenoses. The me-
dian interval between PCT and angiography was 1 day, with a
range of 1-38 days. All patients underwent the PCT success-
fully. No adverse effects were reported after acetazolamide
challenge.

Comparison of Parameters Measured Within Middle
Cerebral Artery Territories

Before Acetazolamide Infusion.Thirteen patients with
unilateral significant cerebrovascular stenosis had lower CBF
values on stenotic hemispheres than on nonstenotic sides.
Eight patients had lower CBV values on stenotic sides, and 7
patients had greater CBV values on nonstenotic sides. Four-
teen patients had greater MTT values on stenotic sides than on
nonstenotic sides. In the whole group, statistically significant
decreases in mean CBF values and increases in mean MTT
values were on the sides affected by stenoses within the ROIs.

After Acetazolamide Challenge. Nine patients had lower
CBV values on stenotic hemispheres, and 6 patients had
greater CBV values on stenotic sides. No statistically signifi-
cant difference in mean CBV values was found between ste-
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Table 3: Values of hemispheric ratios before and after
acetazolamide challenge

Mean CBF Mean CBV Mean MTT
Ratio Ratio Ratio
Baseline 079 £0.16 1.06 = 0.31 1.46 = 0.31
Acetazolamide 0.63 = 0.17 0.98 +0.15 1.91 = 0.56
P value <.001 200 .002

Note:—Values are mean + SD. CBF indicates cerebral blood flow; CBV, cerebral blood
volume; MTT, mean transit time.

notic and nonstenotic hemispheres before or after injection of
acetazolamide. However, all patients had lower CBF values
and greater MTT values on stenotic hemispheres than on non-
stenotic sides. The decreases in mean CBF values and increases
in mean MTT on stenotic hemispheres were also significant.
The data are summarized in Table 2.

Hemispheric Ratios

The mean values of the hemispheric ratios before and after
acetazolamide challenge are shown in Table 3. Statistically sig-
nificant decreases in mean CBF ratio and increase in mean
MTT ratio were demonstrated after injection of acetazol-
amide. No difference was found with respect to the mean CBV
ratio.

Comparison of Parameters Measured Before and After
Acetazolamide Challenge

Hemispheres Distal to Stenoses. Eight patients had in-
creased CBF values, 11 patients had increased CBV values, and



7 patients had decreased MTT values after acetazolamide chal-
lenge. In the whole group, there was no significant relationship
between the baseline and the acetazolamide-challenged mean
perfusion parameters.

Hemispheres Contralateral to Stenoses. All patients had
increased CBF values, 12 patients had increased CBV values,
and all patients had decreased MTT values after acetazolamide
challenge. In the whole group, significant increases in mean
CBF and CBYV values and significant decreases in mean MTT
value were found. The data are summarized in Table 2.

Percent Changes

The values of the CBF, CBV, and MTT percent changes in the
cerebral hemispheres ipsilateral and contralateral to the steno-
ses are shown in Table 2. Statistically significant increases in
mean CBF percent change and decreases in mean MTT per-
cent change were demonstrated on nonstenotic hemispheres.
No difference was found with respect to the mean CBV per-
cent change.

Hemodynamic Impairment
Table 1 also summarizes the patients with hemodynamic
impairment.

Defined by Normal Ranges. All patients had normal CBF
values in the stenotic sides. One patient had an abnormal CBV
value above the upper limit of the normal range (0.4—5.6 mL/
100 g). MTT values were prolonged in 6 patients (normal
range, 1.9-5.0 seconds).

Defined by Percent Change. CBF showed a decrease of
13.3% or greater from the baseline in 3 patients. All patients
had normal CBV percent changes. Six patients had MTT in-
crease of 3.1% or greater after acetazolamide challenge.

Discussion

The primary goal of this study was to evaluate the feasibility of
PCT with acetazolamide challenge to assess cerebral hemody-
namics by using the perfusion parameters in patients with uni-
lateral significant cerebrovascular stenosis. The CT scanners
used to perform PCT studies are available in most radiology
departments.” PCT studies, even combined with acetazol-
amide challenge, are also rapid and require little time to post-
process. The quantitative results potentially available with
PCT may offer an advantage over qualitative techniques such
as single-photon emission CT and perfusion-weighted MR
imaging. The ability to measure CBV and MTT may also be an
added advantage of PCT.

The accuracy of the central volume principle and the de-
convolution method of quantification of PCT had been vali-
dated relative to other methods of CBF analysis, including
injected microspheres in the experimental animal and the dif-
fusible tracer, xenon.>*®? However, there are significant is-
sues regarding the quantification of PCT as used clinically.
First, the choice of the input artery was operator-dependent,
which permitted partial volume effects in the attenuation
measurements of the operator. In addition, on the basis of the
deconvolution model, the input artery should ideally be cho-
sen from the most proximal large feeding vessel directly sup-
plying the tissue of interest. For practical reasons, it is not
always possible to select such an input artery. There are limits
to the accuracy of perfusion parameter calculations based on

first-pass dynamics. Second, other than exclusion of areas that
contained major blood vessel branches, there were no stan-
dardized guidelines for placing ROIs, which may make com-
paring results between different investigators difficult. Larger
ROIs may result in greater volume averaging of gray and white
matter, therefore lowering quantitative values for CBF com-
pared with the results obtained when using smaller ROIs cen-
tered in the cortex. Third, PCT had a limited spatial coverage,
which might make areas most severely affected by stenoses
undetectable.

In the present study, all the perfusion CT maps and ROIs
were generated by an experienced neuroradiologist (P.-S.Y.)
to minimize interoperator variability and address the repro-
ducible results. He created hand-drawn ROIs over the cortical
gray matter of the expected territory of the middle cerebral
arteries, with care not to involve substantial parts of the cere-
bral white matter. This is to reduce potential errors from the
differences of physiologic perfusion values within the gray and
white matter. Large cortical blood vessels were also excluded
from the ROIs drawn in this study because it was assumed that
inclusion of large blood vessels would decrease accuracy. We
typically chose a transverse section through the level of the
basal ganglia because this level contained representative terri-
tories supplied by the anterior, middle, and posterior cerebral
arteries, therefore offering the opportunity to find abnormal-
ities in each of these major vascular territories. We used the
anterior cerebral artery contralateral to the stenoses as the in-
putartery in all patients to maintain homogeneity in the study.
Prior work'® indicates that perfusion maps derived by using
various unaffected arteries (eg, unaffected middle cerebral ar-
tery versus unaffected anterior cerebral artery) provide similar
results. The problem with using a single unaffected artery as
the reference artery for the whole brain is that on the affected
side, CBF values may be underestimated and MTT values may
be overestimated. Further work in this issue is needed to de-
termine the optimal input artery selection for assessment of
patients with various forms of cerebrovascular disease.

These limitations may result in the wide ranges of absolute
measurements, making detection of abnormal values difficult.
Intrasubject normalization of the data is frequently used to
deal with these problems. The use of hemispheric ratios takes
advantage of the basic symmetry of the brain to improve sen-
sitivity for identifying localized disease. In the present study,
we selected patients with angiographically proved unilateral
significant cerebrovascular stenosis. Thus, the measurements
from the nonstenotic hemispheres can be used as a standard-
ized reference.

Another way to deal with these problems is paired studies
comparing a baseline measurement of perfusion parameters
with a second measurement after a vasodilatory stimulus to
calculate percent changes. Only CBF percent change (eg, re-
gional cerebral vasoreactivity) has been studied previously. In
our study, we used acetazolamide, a potent inhibitor of the
enzyme carbonic anhydrase, as a cerebral vasodilatory stimu-
lus. Although its precise mechanism of action is not known
with certainty, acetazolamide infusion increases CBF by caus-
ing vasodilation of the cerebral arterioles.'"'* Not only CBF
percent change but also CBV and MTT percent changes were
calculated and analyzed.

CBF measurements were decreased in the hemispheres dis-
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tal to the stenoses, both before and after acetazolamide chal-
lenge. The test was helpful in the depiction of additional asym-
metry (further decrease in the CBF hemispheric ratio). The
mean CBF value of 69.8 mL/100 g per minute, measured in the
cortical gray matter in the hemispheres contralateral to the
stenoses, was greater than the mean CBF value of 42.4 mL/100
g per minute reported for the basal ganglia location by Leen-
ders etal,'” in which positron-emission tomography was used.
It was also greater than the mean CBF value for cortical gray
matter of 48.5 mL/ 100 g per minute reported by Hagen et al"*
in a study in which xenon-enhanced CT was used. Using PCT,
Eastwood et al'” reported that the mean CBF values were 48.6
mL/100 g per minute in full middle cerebral artery territories
and 56.7 mL/100 g per minute in solely basal ganglia regions.
The greater CBF value in our study may be due to different
methods for measuring CBF value, different location for plac-
ing ROIs, and different selected patients for normal control.

CBF value below 5.4 mL/100 g per minute, considered to be
abnormal in our study, was in good agreement with the study
for patients with acute middle cerebral artery stroke by East-
wood et al,'” in which CBF values ranging between 0 and 10
mL/100 g per minute were considered to be those consistent
with severe ischemia. This present study demonstrated that
none of the patients had hemodynamic impairment as defined
by this CBF value. This finding is due to different groups stud-
ied and timing of neurologic deficit. In addition, measure-
ments of CBF in a resting state alone are considered inade-
quate for evaluation of hemodynamic impairment.® First,
normal values may be found when perfusion pressure is re-
duced, but CBF is maintained by autoregulatory vasodilation.
Second, CBF may be low when perfusion pressure is normal.
This can occur when the metabolic demands of the tissue are
low.

CBF percent change has been used to evaluate hemody-
namic impairment. Patients without a robust increase in CBF
after acetazolamide challenge are considered to be at an in-
creased risk of stroke and may benefit from interventions de-
signed to increase blood flow.>'""'*' Webster et al'” showed
that with xenon CT measurement of CBF percent change, an
arbitrary decrease of 5% or greater from baseline (steal phe-
nomenon) indicates tissues at a higher risk of stroke. Using the
same method and measurements from 8 healthy volunteers,
Kuroda et al "' found that an increase of less than 9.7% over
the baseline was the value 2 SDs below the mean CBF percent
change. We used PCT with measurements from hemispheres
contralateral to the stenoses and found that a CBF percent
change decrease of 13.3% or greater was outside the normal
range. Further studies in which PCT is compared with other
methods may help to determine if a scaling factor is needed to
interpret CBF percent change obtained with PCT.

Measurements of CBV showed no significant difference
between hemispheres before and after injection of acetazol-
amide. There was no difference in hemispheric ratio before
and after acetazolamide challenge or in percent change be-
tween stenotic and nonstenotic hemispheres. This was likely
dependent on the degree and sufficiency of autoregulatory va-
sodilation and was discussed in detail in the study by Derdeyn
et al.”” First, the relationship between CBV and autoregulatory
vasodilation is not linear or direct. The small penetrating ar-
terioles at which level the autoregulatory changes occur repre-
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sent a small fraction of total CBV. The largest component of
CBV is venous, and the degree to which autoregulatory vaso-
dilation leads to increase CBV may be variable. Second, there
may be biologic variability in the cerebral vasodilatory re-
sponse to reduced cerebral perfusion pressure. Human studies
indicate that individual variability seems to occur.?® Third, it
may be difficult to accurately measure changes in CBV because
of autoregulatory vasodilation. Normal CBV is approximately
4%. A 25% increase in CBV would increase this to 5%. Differ-
ent imaging methods may have different strengths to detect
these small changes. However, after injection of acetazol-
amide, significant increases in mean CBV value were found in
the hemispheres contralateral to the stenoses, suggesting that
PCT may detect the vasodilatory response induced by
acetazolamide.

Before injection of acetazolamide, MTT measurements
were already increased in the hemispheres distal the stenoses.
The use of the acetazolamide test made the MTT maps asym-
metry clearer (further increase in the MTT hemispheric ratio).
The cortical CBF/CBV ratio, mathematically equivalent to the
inverse value of MTT, was significantly correlated with cere-
bral perfusion pressure and could be a reliable index.?"** A
recent study by Wintermark et al** showed that MTT maps
were significantly more sensitive than nonenhanced CT, re-
gional CBF, and CBV maps in detecting acute hemispheric
stroke. In the present study, the mean MTT value of 3.4 sec-
onds measured in the cortical gray matter in the hemispheres
contralateral to the stenoses was in good agreement with the
study of patients with acute middle cerebral artery stroke by
Eastwood et al,'” in which the mean MTT value was 3.6 sec-
onds for full middle cerebral artery territories and 2.9 seconds
for solely basal ganglia regions. MTT values above 5.0 seconds,
considered to be abnormal in our study, were shorter than the
MTT value of 6 seconds calculated from 3 SDs above the mean
MTT in control patients."

When hemodynamic impairment defined by CBF percent
change was assumed to represent the true determinant (or
criterion standard), 5 of the 12 patients with normal cerebral
hemodynamic status had a false-positive result defined by an
abnormal baseline MTT value. Conversely, 1 of 3 patients with
hemodynamic impairment had a false-negative result. False-
positive results might be due to reflex vasodilation to maintain
normal CBF despite reduced cerebral perfusion pressure. The
acetazolamide challenge showed flow augmentation and fur-
ther CBV increase from arteriolar vasodilation without evi-
dence of exhausted autoregulation. The false-negative finding
in patient 15 was related to improper ROI placement (Fig 1).
When reviewed retrospectively, the MTT map showed that the
maximal MTT elevation area was not in the ROI but still in an
area supplied by the middle cerebral artery.

In the hemispheres distal to the stenoses, there was para-
doxic prolongation in MTT values from the baseline after ac-
etazolamide challenge. This suggested decreased cerebral per-
fusion pressure after injection of the acetazolamide and might
be the underlying cause of the steal phenomenon. To our
knowledge, the MTT percent change has not been used as a
parameter to assess cerebral hemodynamics. Two patients
with marked MTT prolongation also had abnormal CBF per-
cent change. However, only 1 of the 4 patients with mild MTT
prolongation had abnormal CBF percent change. The patient,



unlike the other 3, had a higher baseline CBV value and poor
vasodilatory change after acetazolamide challenge, which
might imply the presence of poor vascular reserve and maxi-
mal autoregulatory vasodilation.

Acetazolamide has been used for a long time for the evalu-
ation of cerebral hemodynamics. It is generally well tolerated.
There were no adverse effects in our patients. Intravenous in-
jection is known to cause circumoral numbness, headache,
and tingling of the palms. Reversible pontine ischemia in a
patient with stenosis of the basilar artery and transient isch-
emic attack in a patient with complete occlusion of a vertebral
artery have been reported with the use of acetazolamide.***

PCT has the ability to measure CBF, CBV, and MTT, which
is encouraging when assessing cerebral hemodynamics. By
proper placement of ROI, prolonged MTT may be quite sen-
sitive to detect the presence of altered brain hemodynamics
without the use of acetazolamide. More information related to
CBF change after injection of acetazolamide could be obtained
to indicate autoregulation and cerebral perfusion pressure in-
ferred by CBV and MTT, respectively. However, it should be
noted that CBF is calculated as CBV/MTT on the basis of the
central volume principle. It is not statistically valid to compare
CBF with MTT or CBV because they will covary.

This study is limited in a number of ways that will need to
be addressed in future trials with the use of this method. First,
the normal ranges of perfusion parameters were determined
from the hemispheres contralateral to the stenoses. Although
there was normal cerebrovasculature proved by angiography,
hemodynamic status in these hemispheres may not be as-
sumed to be normal because of the possibility of interhemi-
spheric shunting of blood. A future study in healthy humans
with normal cerebrovasculature could help to show the opti-
mal ranges of CBF, CBV, and MTT values. Second, it is impor-
tant that future clinical studies of PCT in patients with hemo-
dynamic impairment define each perfusion parameter or, in
combination, provide association with stroke risk. Third, for-
mal comparison of this method with other techniques in pa-
tients with cerebrovascular stenosis should be undertaken.
The quantitative parameters using PCT should be standard-
ized with validation of accuracy, reliability, and reproducibil-
ity. Finally, the limitation of anatomic coverage could be ad-
dressed, in part, by examining 2 different levels during each
study. This issue will be addressed in the near future through
the development of multisection CT scanners with greater ar-
rays of elements.

Conclusion

Dynamic PCT is a noninvasive method that provides CBF,
CBV, and MTT values and can be combined successfully with
the acetazolamide challenge test to fully assess cerebral hemo-
dynamics. Hemodynamic impairment could be inferred by
abnormal baseline MTT values, CBF percent change, and
MTT percent change. The use of acetazolamide also enhances
the asymmetry in CBF and MTT maps. Although the use of
these parameters for predicting patient outcome or guiding
clinical management has not been established, added informa-
tion is clearly encouraging. The availability and rapidity of
PCT with acetazolamide challenge could result in potential

usefulness for clinical investigations and management in pa-
tients with cerebrovascular disease.
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