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Vascular Reserve in Chronic Cerebral Ischemia Measured by the
Acetazolamide Challenge Test: Comparison with

Positron Emission Tomography

Tadashi Nariai, Ryuta Suzuki, Kimiyoshi Hirakawa, Taketoshi Maehara, Kenji Ishii, and Michio Senda

PURPOSE: To determine the value of the acetazolamide challenge test with stable xenon-
enhanced CT (Xe CT) for making therapeutic decisions in patients with chronic cerebrovascular
disease. METHODS: We compared the Xe CT-measured acetazolamide response with various
measures obtained by positron emission tomography. We performed both a positron emission
tomographic scan and a Xe CT study in 11 patients with chronic cerebral ischemic diseases within
a 1-week interval. An increase of cerebral blood flow after injection of acetazolamide was expressed
as AAT. Regional cerebral blood flow, cerebral oxygen metabolism, oxygen extraction fraction, and
cerebral blood volume were measured with oxygen-15-labeled gases by positron emission tomog-
raphy. RESULTS: In low-cerebral blood flow regions, decreased AAT was accompanied by a
significant elevation of oxygen extraction fraction and cerebral blood volume, compared with
oxygen extraction fraction and cerebral blood volume in regions of normal AAT. Plotting of regional
data indicated that AAT was significantly dependent on oxygen extraction fraction and cerebral
blood volume. The area of decreased vascular reserve determined by the Xe CT image corre-
sponded to the area of “misery perfusion” determined by positron emission tomography.
CONCLUSION: The acetazolamide challenge test with Xe CT may offer an alternative to positron-
emission tomography in detecting lesions with elevated oxygen extraction fraction and cerebral
blood volume (misery perfusion) that result from chronic hemodynamic stress.
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Determining the degree of hemodynamic
stress in chronic cerebral ischemic disease is
clinically important. Ischemic cerebral tissue in
need of increased blood flow (ie, tissue under
hemodynamic stress) should be distinguished
from tissue with a reduction in blood flow
caused by a decrease in metabolic demand,
because the former condition can be reversed
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by treatment to increase blood flow (1). One of
the most reliable indicators of hemodynamic
stress is “misery perfusion,” which is character-
ized by an elevated oxygen extraction fraction
(2, 3) or an elevated cerebral blood volume (4),
as determined by positron emission tomogra-
phy. However, the limited number of positron-
emission tomography facilities has made it dif-
ficult to determine these values routinely.

Another way of evaluating hemodynamic
stress is to determine the degree of vascular
reserve by using a tolerance test, such as the
carbon dioxide (5, 6) or acetazolamide re-
sponse (7-9), in combination with a clinically
applicable quantitative measurement of re-
gional cerebral blood flow.

Stable xenon-enhanced computed tomogra-
phy (Xe CT) is a clinical two-dimensional,
quantitative cerebral blood flow measurement
method whose reliability has been established
(10, 11). The combined use of the acetazol-
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TABLE 1: Characteristics of 11 patients with chronic cerebral ischemic disease

Case A%ee,xy/ Diagnosis Symptom Cerebral Lesion Comment
1 10/F Moyamoya disease TIA None
2 14/F R ICA occlusion TIA None
3 16/F Moyamoya disease TIA None Examined before
and after surgery
4 20/F Moyamoya disease TIA None
5 28/F Moyamoya disease TIA None
6 43/M Moyamoya disease TIA Parietal AVM
+ AVM
7 49/M L MCA occlusion Hemiparesis Frontotemporal Gradual worsening
infarction
8 54/F Moyamoya disease Hemianopsia Occipital infarction Gradual worsening
9 60/M R cervical ICA TIA Frontal infarction
occlusion
10 61/F R cervical ICA TIA Multiple lacunar
occlusion infarction
11 68/F Bilateral cervical ICA TIA Multiple lacunar
stenosis infarction

Note.—TIA indicates transient ischemic attack; ICA, internal carotid artery; MCA, middle cerebral artery; and AVM, arteriovenous

malformation.

amide challenge test with Xe CT has proved
useful in assessing hemodynamic stress in pa-
tients with cerebrovascular disease (12-14).
We examined patients with chronic cerebral
ischemic disease by both the Xe CT acetazol-
amide challenge test and positron emission
tomography to determine how a positron
emission tomography measurement that indi-
cates hemodynamic stress corresponds to a de-
creased vascular reserve, as defined by the Xe
CT acetazolamide challenge test, and whether
an abnormal acetazolamide response of is-
chemic tissue can be quantified and made clin-
ically applicable.

Subjects and Methods

We studied 11 patients with chronic cerebrovascular
disease. Their characteristics and diagnoses are presented
in Table 1. Nine patients had symptoms of transient is-
chemic attack; they were examined at least 2 months after
the last transient ischemic attack symptoms. Two patients
showed clinical deterioration without a clear onset and had
cortical infarction, but their symptoms and CT findings had
been stable for at least 2 months before examination. We
assumed that the cerebral circulation was stable during the
(approximately) 1-week examination period. Twelve com-
parative analyses with Xe CT and positron emission to-
mography were performed in the 11 patients within a
1-week interval. One of the patients with Moyamoya dis-
ease was examined before and after successful bypass
surgery.

In the regional cerebral blood flow study with Xe CT we
used a 4-minute wash-in and 3-minute wash-out method

with 30% stable Xe gas (15-17). Intraarterial Xe gas con-
centration was estimated with a scanning expiration tube.
Carbon dioxide concentration in the expired gas was also
monitored. To prepare the cold Xe gas, commercially dis-
tributed pure Xe gas (Xenopure, Teisan, Tokyo, Japan)
was mixed with room air by use of an automatic Xe gas
inhalator (Xetron-V, Anzai So-Gyo, Tokyo, Japan) to yield
a 30% concentration. The acetazolamide challenge test
was performed by administering acetazolamide, 20 mg/kg
intravenously (Diamox, Lederle Japan, Tokyo, Japan),
and the Xe CT measurement of cerebral blood flow was
performed 15 minutes later. The regional increase in ce-
rebral blood flow was expressed as AAT (milliliters per
minute per 100 cm? of brain).

Our analysis program produces a cerebral blood flow
map of two axial sections, usually one that includes the
basal nuclei and another that includes the upper margin
of the lateral ventricles. Regions of interest were identi-
fied on a plain CT image, either in the cortex or in the
basal nuclei, based on arterial blood supply (18). These
regions of interest were transferred to the cerebral blood
flow map to obtain anatomic specificity. When low-den-
sity lesions were included by use of this protocol, these
regions of interest were excluded from the analysis. Be-
tween 7 and 16 regions of interest from each patient
were analyzed.

The positron emission tomography study was per-
formed with a Headtome-IV scanner (Shimadzu, Kyoto,
Japan). An arterial catheter was inserted into the radial
artery for blood sampling. The transmission data were
acquired with a rotating germanium-68 rod source for
attenuation correction. Measurements of regional cerebral
blood flow, cerebral oxygen metabolism, and oxygen ex-
traction fraction were measured with continuous inhalation
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of carbon dioxide labeled with oxygen 15 and molecular
oxyden labeled with oxygen 15 and continuous measure-
ment of arterial blood and plasma activity and a table-
lookup technique (19-21). Regional cerebral blood vol-
ume was measured by a 3-minute inhalation of carbon
dioxide labeled with oxygen 15 (22, 23). The oxygen ex-
traction fraction and cerebral oxygen metabolism were
corrected for cerebral blood volume (24). Regions of in-
terest with close anatomic correspondence to those used
in the Xe CT study were transferred from the appropriate
positron emission tomography sections of the cerebral
blood flow image to the cerebral blood volume, cerebral
oxygen metabolism, and oxygen extraction fraction im-
ages. To obtain a normal standard for positron emission
tomography measurement in our institute, data from nine
adults without any lesion on magnetic resonance were
analyzed. The positron emission tomography data were
analyzed by use of an image analysis software system, Dr.
View, working on Stellar GS2000 (Asahi Kasei, Tokyo,
Japan).

All data were expressed as mean *= SD. Data were
evaluated statistically by Student’s ¢ test, analysis of vari-
ances, Dunnet’s ¢ test for multiple comparison (25), and a
simple regression analysis. Statistical significance was de-
fined as P < .05.

Results

All the regions of interest obtained were
grouped into categories according to positron
emission tomography-derived cerebral blood
flow. Regions with a cerebral blood flow of
more than 40 mL/min per 100 cm? for adults
(aged at least 20 years) or 50 mL/min per
100 cm? for children (aged at least 16 years)
were defined as normal cerebral blood flow re-
gions (n = 64). Regions with a cerebral blood
flow of less than 30 mL/min per 100 cm? for
adults or 40 mL/min per 100 cm? for children
were defined as ischemic regions (n = 27).
Other regions were called borderline regions
(n = 54). Ischemic regions and borderline re-
gions were grouped together as low-flow re-
gions (n = 81). Different values of cerebral
blood flow were used for adults and children,
because normal cerebral blood flow values for
10- to 16-year-old children are 20% to 60%
greater than those for adults (26).

Normal cerebral blood flow regions had a
AAT of 18.7 + 20.0 mL/min per 100 cm? cal-
culated from 64 regions. This mean value was
close to the previously published mean AAT
observed in healthy volunteers examined with
Xe CT under a similar study protocol (14). For
the following analysis, the lower margin of the
99% confidence range of the mean (AAT = 12.0
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TABLE 2: Comparison of positron emission tomography and
Xe CT acetazolamide challenge test in low-perfusion regions
(cerebral blood flow < 40 mL/min per 100 cm? for adults;
cerebral blood flow < 50 mL/min per 100 cm? for children)

Positron Emission Tomography

Xe CT Cerebral Blood

Volume, %

43 = 1.1%

Oxygen Extraction
Fraction

Normal vascular reserve 0.43 = 0.05*
AAT =12 (mL/min
per 100 cm?)

Decreased vascular
reserve
AAT <12 (mL/min
per 100 cm?)

0.47 = 0.05* 5.0 = 1.6}

Note.—Values are mean = SD.
* P=.002.
T P=.02.

mL/min per 100 g) was used as the threshold to
separate decreased vascular reserve from nor-
mal vascular reserve.

Low-cerebral blood flow regions were sepa-
rated into those with a normal and those with a
decreased vascular reserve, using AAT of 12 as
the threshold. The oxygen extraction fraction
and cerebral blood volume of regions with de-
creased vascular reserve (AAT < 12) were sig-
nificantly elevated (P = .002 and .02, respec-
tively), compared with those of regions with
normal vascular reserve (AAT = 12) (Table 2).
The dependence of AAT on the oxygen extrac-
tion fraction can be demonstrated clearly be-
cause of the small SD of the oxygen extraction
fraction. When the ischemic and borderline re-
gions were separated into regions of normal
vascular reserve and decreased vascular re-
serve, using AAT of 12 mL/min per 100 cm? as
the threshold, the oxygen extraction fraction of
ischemic and borderline regions with decreased
vascular reserve were significantly greater than
the oxygen extraction fraction of the normal
cerebral blood flow regions (analysis of vari-
ance and Dunnet’s t test; Fig 1). However, the
oxygen extraction fraction of ischemic and bor-
derline regions with normal vascular reserve
was not different from the oxygen extraction
fraction of the normal cerebral blood flow re-
gions (analysis of variance; Fig 1).

Correlations between AAT and oxygen ex-
traction fraction and between AAT and cerebral
blood volume were examined for ischemic ce-
rebral blood flow regions (Fig 2). Significant
linear correlations between AAT and oxygen
extraction fraction (r = —.65; P = .001) and
between AAT and cerebral blood volume (r =
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Fig 1. Comparison of regional oxygen extraction fraction
(OEF) (mean *= SD) between regions of decreased vascular re-
serve (AAT < 12 mL/min per 100 cm®) and regions of normal
vascular reserve (AAT = 12 mL/min per 100 cm?®). Among re-
gions of decreased vascular reserve, oxygen extraction fraction
values of ischemic and borderline cerebral blood flow regions
were significantly higher than those of normal cerebral blood
flow (CBF) regions. However, among regions of normal vascu-
lar reserve, the oxygen extraction fraction was not different
among the three groups (normal cerebral blood flow, >40 mL/
min per 100 cm? for adults, >50 mL/min per 100 cm? for chil-
dren; ischemic cerebral blood flow, <30 mL/min per 100 cm?
for adults, <40 mL/min per 100 cm? for children; borderline ce-
rebral blood flow, other regions).

—.50; P = .02) were observed. Using this plot,
we examined the predictive value of regional
AAT for detecting regions possessing ele-
vated oxygen extraction fraction or cerebral
blood volume. The oxygen extraction fraction
(mean = SD) in nine adults without an intrace-
rebral lesion was 0.44 = 0.046 (indicated as the

Fig 2. Correlations between AAT of ischemic regions (<30
mL/min per 100 cm? for adults, <40 mL/min per 100 cm? for
children) and oxygen extraction fraction (OEF) (left) and cere-
bral blood volume (CBV) (right). The result of simple regression
analysis is indicated by solid lines. The correlation coefficient
between oxygen extraction fraction and AAT was —.65 and that
between cerebral blood volume and AAT was —.50; both were
at a significant level (P = .001 and .02, respectively). Dotted
lines indicate AAT of 0 and AAT of 10. The shaded area indi-
cates mean * SD of normal adults for oxygen extraction frac-
tion and cerebral blood volume.
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shaded area in Fig 2, left). Eight of nine regions
(89%) with AAT of 10 or greater had oxygen
extraction fraction less than the mean + SD of
normal adults. Five of six regions (83%) with
AAT less than 0 had oxygen extraction fraction
more than the mean + SD of normal adults (Fig
2, left). The cerebral blood volume (mean =
SD) obtained from normal adults was 3.3 *
1.0%. Ten of 12 regions (83%) with AAT less
than 10 had cerebral blood volume more than
the mean + SD of normal adults (Fig 2, right).
Therefore, the threshold value of AAT of 10 may
be used to screen for hemodynamic ischemia,
and a threshold value of AAT of O may be useful
to detect the region of severe hemodynamic
stress.

When we could observe the area of elevated
oxygden extraction fraction and cerebral blood
volume in positron emission tomography
images (misery perfusion) (Fig 3A), it usually
corresponded well to the area of decreased vas-
cular reserve detected by the Xe CT acetazol-
amide challenge test (Fig 3B).

Discussion

In this study, we demonstrated that the de-
gree of decreased vascular response to the in-
travenous injection of acetazolamide in patients
with chronic cerebrovascular disease correlates
closely with positron emission tomography
measurements that describe misery perfusion.
This observation indicates that the use of a
combination of acetazolamide challenge and
Xe CT may offer an alternative to positron emis-
sion tomography for detecting hemodynamic
ischemia.

In treating ischemic cerebrovascular disease,
it is important to determine to what degree the
surviving cerebral tissue is under hemodynamic
stress, because it may be possible to protect
this tissue against an impending cerebral infarc-
tion (27, 28) by increasing cerebral blood flow
through use of appropriate medical and surgical
treatment (1, 3, 4, 29). A surgical procedure
that is based on this premise, extracranial-
intracranial bypass surgery, was not superior to
medical treatment when candidates for it were
chosen based solely on clinical symptoms and
angiography, without evidence of hemody-
namic stress (30, 31). This issue of candidate
selection remains controversial (32); a cooper-
ative study to examine the effects of extracra-
nial-intracranial bypass in patients with evi-
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Fig 3. A, The positron emission tomography images of a 28-year-old woman with Moyamoya disease (case 5 in Table 1). The right
frontal and parietal areas had abnormally increased oxygen extraction fraction and cerebral blood volume (misery perfusion), indicated
as areas between two arrows in each axial section.

B, Images of Xe CT acetazolamide challenge test of the same patient as in A. Axial sections corresponding to positron emission
tomography images in A were demonstrated. The area between two arrowheads in each section had an impaired response to
acetazolamide challenge. Part of this area had a AAT less than O (steal phenomenon). This area corresponds to the area of misery
perfusion demonstrated by positron emission tomography images in A.

dence of hemodynamic stress is being
conducted in Japan (33). However, in a pro-
spective randomized study, carotid endarterec-
tomy added significant benefit to treatment
even without consideration of hemodynamic
stress (34-36). Presumably, this procedure not
only increases cerebral blood flow but also re-
moves sources of emboli.

In formulating a therapeutic strategy for a
patient with chronic cerebrovascular disease, it
should be determined whether the ischemic
symptoms of patients are hemodynamic in ori-
gin, with the brain in need of an increased blood
flow (3, 4), or thrombotic in origin (37, 38). It is
also essential to determine whether the cerebral
tissue already has a decreased metabolism
and does not require additional blood flow (1).
Our experience suggests that a transient isch-
emic attack caused by hemodynamic stress, as
is often observed in patients with moyamoya
disease (39) and in some patients with chronic
cerebral ischemia of atherosclerotic origin,
can be reversed by performing extracranial-
intracranial bypass surgery (39). Therefore,
an imaging tool to examine both the resting
blood flow and the degree of regional hemody-
namic stress should be applied to a large pop-
ulation for whom this procedure is being
contemplated.

Although increased oxygen extraction frac-
tion (2, 3) and cerebral blood volume (4), as
determined by positron emission tomography,
are reliable indicators of the existence of hemo-
dynamic stress, they are not widely available to
most clinicians because of the limited number
of positron emission tomography facilities. An-
other way of evaluating hemodynamic stress is
to examine the degree of vascular reserve by
means of a tolerance test, such as the response
to carbon dioxide (5, 6) or to acetazolamide
(7-9). Use of such a tolerance test for the pro-
spective evaluation of each patient requires a
quantitative, quickly repeated cerebral blood
flow measurement. Single-photon emission CT
is more accessible than positron emission to-
mography but may not be useful, because the
most popular cerebral blood flow imaging
tracers for single-photon emission CT (techne-
tium-99m hexamethyl-propyleneamine oxime
and iodine-123 inosine monophosphate) do
not give quantitative cerebral blood flow data,
and the long half-lives of technetium-99m
and iodine-123 make repeated examinations
difficult.

However, stable Xe CT is a useful technique,
because it uses a diffusion tracer, and the cal-
culation of cerebral blood flow is based on the
Kety and Schmidt equation (40) with correc-
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tion for the regional partition coefficient of Xe
gas (15-17). It seems reasonable, therefore,
to assume that the linearity of measured cere-
bral blood flow in both ischemic and nonis-
chemic cerebral tissues make it possible to
examine increases in cerebral blood flow in
tolerance quantitatively. A problem that previ-
ously discouraged the use of Xe CT in daily
clinical practice was the difficulty of obtaining
the expensive Xe gas. Xe gas was approved
as an ethical drug for use in Japan by the
Ministry of Health and Welfare in April 1992,
and an 8-L can of Xe gas is available com-
mercially (Xenopure, Teisan). Since then, the
number of clinical institutions that can per-
form Xe CT studies has increased rapidly. In
Japan, the Xe CT study has the potential to
become the most accessible quantitative
method of cerebral blood flow measurement
because of the abundance of CT units. Thus, a
method for evaluating the degree of hemody-
namic stress in ischemic cerebral disease may
be within the reach of most clinicians.

Although our analyses demonstrated the fea-
sibility of using the acetazolamide tolerance
test, some caution in interpreting the results
is indicated. Our studies were performed in pa-
tients with chronic disease. Their compensatory
mechanisms have presumably reached a stable
condition with a maximal dilation of the cere-
bral vascular beds, leading to a decreased vas-
cular response and increased cerebral blood
volume (4). At the same time, their efficiency in
using oxygen has already increased (2, 3),
leading to an increase in the oxygen extraction
fraction. It does not necessarily follow that the
decreased vascular reserve detected with ac-
etazolamide and misery perfusion represent the
same phenomenon. It is unclear whether this
correspondence is present in acute ischemia, in
which compensatory mechanisms may work
differently. To interpret the result of acetazol-
amide response in acute ischemic events, some
other reference procedure is needed, because
comparison between the two techniques de-
scribed in this study is difficult to make in acute
events.

There is also uncertainty about the mecha-
nism by which acetazolamide dilates the cere-
bral vessels (7, 41), and the reported increases
of blood flow in normal cerebral vessels caused
by injection of acetazolamide vary (7, 8, 12, 14,
42, 43). Although our analyses indicate that the
acetazolamide response rate depends on both
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oxygden extraction fraction and cerebral blood
volume, the correlation coefficient is small,
probably because of the variable acetazolamide
response rate and the interpatient variation.
Therefore, caution should be used when using
the results of the acetazolamide challenge test
in clinical decision making. However, it can be
used to demonstrate that a certain region is
under hemodynamic stress by defining the
lower limit of the normal response rate. We con-
sider regions with a AAT of less than 10 mL/min
per 100 cm® to be hemodynamically ischemic
and, therefore, in need of further examination. If
we are to use the acetazolamide challenge test
alone for making decisions about radical treat-
ment, we use a threshold value of AAT of O.
Regions with AAT of less than O (steal phenom-
enon) were found to be areas with high stroke
rates in a prospective study (44) and areas that
improved after indirect extracranial-intracranial
bypass surgery (39), so use of this threshold
seems justified.

Care should be taken in using the acetazol-
amide tolerance test with nonquantitative cere-
bral blood flow measurement methods, because
the inconsistency of the acetazolamide re-
sponse in nonischemic tissue may lead to a
false-positive interpretation of the presence of
hemodynamic stress in ischemic tissue. If one is
to use the acetazolamide tolerance test as a clin-
ical tool, quantitative cerebral blood flow anal-
ysis should also be used.

In conclusion, the results of the acetazol-
amide tolerance test, combined with quantita-
tive cerebral blood flow analysis, can be used to
determine whether cerebral tissues suffer from
hemodynamic ischemia. Such information can
be used to develop the optimal treatment strat-
egy for patients with chronic cerebral ischemic
disease. The stable Xe CT technique may
present an alternative to positron emission to-
modraphy in detecting lesions with elevated ox-
ygen extraction fraction and cerebral blood vol-
ume (misery perfusion) that result from chronic
hemodynamic stress.
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