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Susceptibility-Weighted MR for Evaluation of Vasodilatory
Capacity with Acetazolamide Challenge

Takashi Ohnishi, Shinichi Nakano, Takao Yano, Hiroaki Hoshi, Seishi Jinnouchi, Shigeki Nagamachi, Leo Flores II,

Katsushi Watanabe, Kiyotaka Yokogami, and Hajime Ohta

PURPOSE: To investigate cerebral vasodilatory capacity by acetazolamide challenge in healthy
subjects and in patients with chronic occlusive cerebrovascular disease by using susceptibility-
weighted gradient-echo MR imaging. METHODS: Eight patients with chronic occlusive cerebro-
vascular disease and four healthy volunteers were studied with susceptibility-weighted MR imaging
before and after intravenous administration of 1000 mg of acetazolamide. Signal intensities were
measured as a function of time in several regions of interest defined on anatomic images. In all
patients with chronic occlusive cerebrovascular disease, acetazolamide challenge and resting
regional cerebral blood flow were also evaluated with single-photon emission CT (SPECT).
RESULTS: In healthy volunteers, signal intensities began to increase at 3 to 4 minutes after
acetazolamide administration, with a continuous increase during the subsequent 10 minutes. The
effect lasted for approximately 45 minutes after administration. In patients with chronic occlusive
cerebrovascular disease, signal changes on susceptibility-weighted MR images of occluded areas
with normal vasodilatory capacity on SPECT images did not differ from signal changes of nonoc-
clusive areas. In those patients with changes that reflected diminished vasodilatory capacity, the
MR images showed a lower percentage of signal changes after acetazolamide administration than
those in normally perfused areas. CONCLUSION: Susceptibility-weighted MR imaging offers an
alternative method for estimating vasodilatory capacity.
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Recently, new techniques have been devel-
oped for studying human brain function by us-
ing magnetic resonance (MR) imaging tech-
nology. One of these techniques exploits
differences in the magnetic susceptibility of ox-
ygenated and deoxygenated hemoglobin to
track blood flow-related phenomena with high
temporal and spatial resolution (1). This MR
technique, called the blood oxygen level depen-
dent (BOLD) contrast method, has been used to
show visual, motor, and sensory activation
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maps with echo-planar imaging (1-5). The
BOLD effect also has been observed in conven-
tional MR imaging systems operating at 1.5 T
with long-echo-time susceptibility-weighted
gradient-echo pulse sequences (6-8). Aceta-
zolamide has been proved to increase cerebral
blood flow in studies using xenon-133 single-
photon emission computed tomography
(SPECT) and positron emission tomography,
but it has no effect on oxidative metabolism (9,
10). We postulate that susceptibility-weighted
gradient-echo MR imaging can show an in-
crease of cerebral blood flow caused by the
acetazolamide challenge as an increased signal
intensity caused by the BOLD effect. The aim of
this study was to investigate whether cerebral
vasodilatory capacity can be shown by the ac-
etazolamide challenge in healthy subjects and
in patients with chronic occlusive cerebrovas-
cular disease by using susceptibility-weighted
gradient-echo MR imaging.
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Subjects and Methods
Subjects

We studied four healthy volunteers (four men; mean
age, 32 years; age range, 28 to 35 years) and eight pa-
tients (four men, four women; mean age, 68 years; age
range, 56 to 82 years) with unilateral chronic occlusive
cerebrovascular disease (nine territories). In the volun-
teers, extracranial and intracranial arteries were confirmed
to be normal by three-dimensional time-of-flight (TOF)
angiography and 3-D phase contrast angiography. All pa-
tients with chronic occlusive cerebrovascular disease had
had either minor strokes or transient ischemic attacks.
Transarterial catheter cerebral angiography, brain MR im-
aging, and MR angiography were performed in all patients
before the regional cerebral blood flow (rCBF) studies that
used SPECT and susceptibility-weighted MR imaging. All
procedures were approved by the ethics committee at the
Junwakai Memorial Hospital. The volunteers and patients
were informed both orally and in writing about the MR
study and drug application (intravenous bolus injection of
1000 mg acetazolamide).

MR Imaging Protocol

MR imaging studies were done on a 1.5-T supercon-
ductive MR system with a standard head coil but without
any special head-restraint mechanism to eliminate patient
motion. Before the MR study, patients and volunteers were
informed that BOLD imaging was very sensitive to head
movement. Anatomic imaging was done by using fast
spin-echo T1-weighted (450/20/3 [repetition time/echo
time/excitations]) and T2-weighted (3000/100/2) MR se-
quences. Three-dimensional TOF angiography and 3-D
phase-contrast angiography were performed by using a
spoiled gradient-recalled acquisition in the steady state
sequence with the following parameters: TOF, 40/7 (rep-
etition time/echo time); phase-contrast, 23/9; TOF, 25°
flip angle; phase-contrast, 20° flip angle. BOLD images
were obtained by using a spoiled gradient-recalled acqui-
sition in the steady state sequence: 90/44/2; flip angle,
30°; field of view, 22 cm; section thickness, 7 mm (single
section); and matrix, 128 X 128. The section level of the
susceptibility-sensitive MR study included the upper mar-
gin of the lateral ventricle for all volunteers and the same
level or the level including basal ganglias for patients with
cerebrovascular disease. The protocol consisted of dy-
namic susceptibility-weighted MR imaging with 37-second
intervals.

Acetazolamide (1000 mg) was administered intrave-
nously after 4 minutes. The measuring times of the dy-
namic susceptibility-weighted MR sequences were 28 min-
utes for patients with chronic occlusive cerebrovascular
disease and 49 minutes for healthy volunteers. Four im-
ages were obtained before acetazolamide administration
and were averadged as rest images. Difference maps were
calculated by subtracting the averaged images at rest from
those acquired 20 minutes after acetazolamide adminis-
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Fig 1. Setting for the regions of interest on cortex and white
matter on MR images of healthy volunteers.

tration. Signal intensities were measured as a function of
time in several regions of interest defined on anatomic
images. In healthy volunteers, the regions of interest were
placed on the cortical area and white matter (Fig 1). In
patients, the regions of interest were placed on stenotic
vascular territories (middle cerebral artery territory for pa-
tients with lesions of the middle cerebral artery and internal
carotid artery, and posterior cerebral artery territory for
patients with lesions of the posterior cerebral artery) and
on contralateral nonstenotic vascular territories.

SPECT Imaging Protocol

In all patients with chronic occlusive cerebrovascular
disease, acetazolamide challenge and resting rCBF
SPECT studies were performed before susceptibility-sen-
sitive MR studies. SPECT scans were obtained by using a
dual-head gamma camera system with high-resolution
collimators (full width at half-maximum intensity, 11 mm).
SPECT was performed in 64 steps, 360°, and with a 128 X
128 matrix. The SPECT studies were carried out with a
split-dose technique. The first dose of 370 MBq of techne-
tium-99m ethyl cysteinate dimer (°°*™Tc-ECD) was in-
jected when the subject was in the resting state. Fifteen
minutes after the °*™Tc-ECD had been injected, 1000 mg
of acetazolamide was injected while the first SPECT study
(rest image) with 15 seconds per step was started. Imme-
diately after the first SPECT study, without any reposition-
ing of the patient, an additional 740 MBq of °°*™Tc-ECD
was injected. Fifteen minutes after the second injection of
99mTc.ECD, a second SPECT study was started, with 15
seconds per step. Acetazolamide-challenge images were
calculated by subtracting the first SPECT images from the
second SPECT images. The limitation of the vasodilatory
capacity in the affected area was estimated by the asym-
metry index difference between the rest image and the
acetazolamide-challenge image. The asymmetry index
was calculated as 100 X C_/C,, where C, is the mean
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Fig 2. Percentage of signal changes over time after acetazo-
lamide administration for regions in cortical gray matter and deep
white matter in healthy volunteers. Error bar, =1 SD.

reconstructed counts for the affected area and C, is the
mean reconstructed counts for the contralateral unaffected
area. The asymmetry index difference was calculated as
the asymmetry index of the rest image subtracted from the
asymmetry index of the acetazolamide-challenge image.
Affected areas were classified into two groups according to
acetazolamide reactivity on SPECT; the positive group
(reduced vasodilatory capacity) had an asymmetry index
difference of less than —10%, and the negative group had
an asymmetry index difference of —10% or higher.

Statistical Analyses

Statistical analyses were carried out by ANOVA (re-
peated measurements for response to acetazolamide).
Multiple comparisons with a group of healthy subjects
were made with Dunnett’s test. In Dunnett’s test, a signif-
icant difference is present when P < .05. The correlation
between the asymmetry index on the SPECT image and
the percentage of signal change on the MR image was
analyzed by means of a simple linear regression model.
These analyses were carried out using the JMP Macintosh
program (SAS Institute Inc, Cary, NC).

Results
Healthy Volunteers

Figure 2 shows the time courses of signal
change in the cortical gray matter and the white
matter in healthy volunteers after acetazol-
amide administration. In the cortical gray mat-
ter, signal intensities began to increase 3 to 4
minutes after acetazolamide administration
(1.98% =+ 0.29), with a continuous increase dur-
ing the subsequent 10 minutes (6.93% = 0.21);
the effect lasted during the whole examination
period. In the white matter, lesser but still sig-
nificant increases in signal intensities were ob-
served from 7 minutes after acetazolamide ad-
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Fig 3. Difference map obtained by subtracting averaged rest
images from an image obtained 20 minutes after administration of
acetazolamide in a healthy volunteer. Difference map shows in-
creased signal intensity mainly in the brain cortex and a smaller
signal increase in the white matter.

ministration (0.65% = 0.38), with continuous
increases during the subsequent 10 minutes
(1.81% = 0.05). Mild declines in signal occurred
from 24 to 30 minutes after acetazolamide
administration (0.96% = 0.06). The signal
changes caused by acetazolamide administra-
tion were more pronounced in cortical gray
matter but were also observed in white matter.
The signal increase can be shown by subtract-
ing an averaged rest image from an image ac-
quired 20 minutes after acetazolamide admin-
istration (Fig 3).

Patients with Chronic Occlusive
Cerebrovascular Disease

Cerebral angiography showed unilateral ath-
erosclerotic vascular lesions in the trunk of the
middle cerebral artery in three patients (two
with occlusion and one with severe stenosis), in
the internal carotid artery in five patients (one
with occlusion, two with moderate stenoses,
and two with mild stenoses), and in the poste-
rior cerebral artery occlusion in one patient.
(The North American Symptomatic Carotid
Endarterectomy Trial method was used for
quantifying vascular stenosis.) Lacunar infarc-
tions in the basal ganglia and white matter in the
middle cerebral artery territory were observed in
all patients, and MR imaging showed a small
cortical infarction in the middle cerebral artery-
posterior cerebral artery border zone in one pa-
tient. Of nine ischemic vascular territories seen
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Fig 4. Percentage of signal changes over time on each corti-
cal area after acetazolamide administration in healthy volunteers
and in patients with chronic occlusive cerebrovascular disease.

on SPECT scans, five had reduced vasodilatory
capacity (four occlusions and one severe steno-
sis), and four had normal vasodilatory capacity
(two mild stenoses and two moderate steno-
ses). In internal carotid artery lesions, reduced
vasodilatory capacity was observed in the mid-
dle cerebral artery territory. Figure 4 shows the
time courses of signal change after acetazol-
amide administration in each cortical area in
healthy volunteers and in patients with chronic
occlusive cerebrovascular disease. The per-
centage of signal change of occlusive areas that
showed normal vasodilatory response with the
acetazolamide test did not differ from that of
normal areas. However, the percentage of sig-
nal change from 3 to 25 minutes after acetazo-
lamide administration in occlusive areas that
showed reduced vasodilatory response with ac-
etazolamide test were significantly lower than
those of both normal areas and occlusive areas
with normal vasodilatory response (P < .05,
Dunnett’s test). A small decrease in signal in-
tensity (—0.19% = 0.62) was observed 6 min-
utes after acetazolamide administration in pa-
tients with reduced vasodilatory capacity.
Figure 5 shows the correlation between the
asymmetry index difference on SPECT and the
averaged percentage of signal change on sus-
ceptibility-weighted MR images from 14 min-
utes to 24 minutes after acetazolamide admin-
istration for patients with chronic occlusive
cerebrovascular disease. The correlation coeffi-
cient was r = .96 (P < .01), and the slope of the
computed regression line was 0.24. Figure 6
shows the cerebral angiogram, the T2-weighted
MR image, SPECT images, and the difference
map of susceptibility-weighted MR images in a
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Fig 5. The correlation between the asymmetry index (Al) dif-
ferences (ie, asymmetry indexes of acetazolamide-activated im-
ages minus those of rest images) on SPECT and the averaged
percentage of signal change on the susceptibility-weighted MR
image (MRI) from 14 to 24 minutes after acetazolamide admin-
istration in eight patients with chronic occlusive cerebrovascular
disease (one patient had two atherosclerotic territories).

patient with a right middle cerebral artery oc-
clusion and decreased perfusion reserve.
SPECT images show reduced blood flow in the
area of the right middle cerebral artery in the
resting state and enhanced asymmetry in the
area of the right middle cerebral artery in the
acetazolamide-activated state. The difference
map of susceptibility-weighted MR images
shows smaller signal increase in the area of the
right middle cerebral artery, and this map is
similar to the acetazolamide-activated SPECT
image.

Discussion

Acetazolamide is a potent cerebral vasodila-
tor and has been used to estimate the hemody-
namic reserves of the brain with rCBF SPECT,
positron emission tomography, and stable-
xenon CT (9-14). Acetazolamide blocks the
conversion of carbonic acid to CO, and H,O
inside the brain (15, 16). After the administra-
tion of acetazolamide, a gradual decline of pH in
the brain tissue has been observed despite the
maintenance of a constant brain tissue PaCO.,.
The decrease in pH is probably explained by
cerebral carbonic acidosis, an increase in
H,CO5, and the dissociation products H" and
HCO; . Although acetazolamide induces a
rapid and significant increase in CBF, this in-
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Fig 6. Woman 82 years old with left hemiparesis diagnosed as minor stroke.

A, Right common carotid angiogram reveals an occlusion of the right middle cerebral artery (MCA).

B, T2-weighted MR image shows right putamen infarcts (arrow) without cortical infarction.

C, The resting SPECT images reveal an area of hypoperfusion in the right MCA territory (arrowheads) and crossed cerebellar

diaschisis (arrow).

D, Acetazolamide-activated SPECT images reveal a limitation of vasodilatory capacity in the right MCA territory (arrowheads).
E, Difference map obtained by subtracting averaged rest images from images obtained 20 minutes after administration of acetazo-
lamide. Difference map shows smaller increased signal intensity in the right MCA territory (arrowheads) than in other areas.

crease is not in parallel with function and oxi-
dative metabolism (9-11). This physiological
uncoupling causes a rise of cerebral blood ox-
ygenation and a relatively decreased level of
blood deoxyhemoglobin, which is detectable as
an increase in signal intensity on susceptibility-
weighted MR images. A similar uncoupling of
CBF and oxidative metabolism occurs during
the functional activation used for functional MR
imaging using the BOLD technique (1-8). In
our study of healthy volunteers, signal intensi-
ties began to increase from 3 to 4 minutes after
acetazolamide administration, with a continu-

ous increase during the subsequent 10 minutes.
The effect lasted at least 45 minutes after ad-
ministration. This time course of signal intensi-
ties on MR images is similar to CBF changes
seen on xenon-133 SPECT scans after acetazo-
lamide administration (9). Vorstrup et al (9)
reported that an increase in CBF occurred after
3 minutes, with a further increase at 20 minutes
after acetazolamide administration, but the ce-
rebral metabolic rate for oxygen remained sta-
ble. These facts indicate that an increase in
signal intensity after the acetazolamide chal-
lenge on susceptibility-weighted MR images
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probably reflects an increase in CBF and a con-
stant oxidative metabolism. On the other hand,
in our study of patients with chronic occlusive
cerebrovascular disease, signal changes on MR
images in the group that showed good perfusion
reserve on SPECT scans did not differ from
those of normal areas, whereas signal changes
in the group with diminished reserve by SPECT
were significantly lower in occluded areas than
in normal areas. The percentage of signal
changes on MR images correlated well with the
asymmetry index differences on SPECT scans.
These results suggest that acetazolamide-
challenge susceptibility-weighted MR imaging
can help estimate vasodilatory capacity as can
acetazolamide-challenge rCBF SPECT studies.

Contrast in gradient-echo MR images is af-
fected by the flow into the observed plane, es-
pecially when both a large flip angle and a thin
section are used. This may be a potential pitfall,
because increased signal intensity may be
caused not only by BOLD effects but also by
inflow effects. Recently, Duyn et al (17) re-
ported that large signal changes, seen on gra-
dient-echo MR studies at 1.5 to 2 T, were dom-
inated by direct inflow effects. We think that
inflow effects also may have played an impor-
tant role in our acetazolamide-challenge MR
study. However, all the effects seen cannot be
explained by inflow effects. Images from our
volunteers show a small increase in signal in-
tensity in deep white matter during acetazol-
amide challenge. We postulate that the signal
changes in white matter are mainly caused by
BOLD effects. In addition, signal changes in
brain cortex seen on the susceptibility-weighted
MR images are smaller than would be expected
if they were caused only by inflow effects result-
ing from changes in flow velocity.

The response of cerebral perfusion to vasodi-
latory stress is of clinical interest in patients with
suspected hemodynamically relevant athero-
sclerotic disease. The effect of chronic occlu-
sive cerebrovascular disease on cerebral perfu-
sion depends on the potential collateral
circulation and on the ability of the cerebral
arteries to dilate when perfusion pressure de-
creases. Recent studies have shown that an oc-
cluded or stenotic carotid artery carried an in-
creased risk of ischemic episodes in the
hemisphere if the vasodilatory capacity of the
distribution territory of the artery was lower than
normal (9, 11, 12). Extracranial-intracranial
bypass surgery has been shown to improve the
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cerebrovascular reserve capacity in such pa-
tients (9, 11). Positron emission tomography is
the reference standard for assessing cerebral
perfusion because of its potential to quantify
CBF, cerebral blood volume, and fractional ox-
ygen extraction. However, the greater expense
and technical complexity excludes positron
emission tomography for routine clinical use.
The SPECT technique, with tracers for CBF
measurements such as iodine-123 N-isopropyl-
p-iodoamphetamine, technetium-99m hexa-
methyl-propyleneamine oxime, and *°™Tc ECD
have been widely used for assessing cerebral
perfusion. The usefulness of the rCBF SPECT
study with acetazolamide challenge or carbon
dioxide inhalation has already been reported in
patients with occlusive cerebrovascular disease
(12, 13). However, we think that the SPECT
technique with the acetazolamide challenge but
without quantitative determination of rCBF has
two problems. First, evaluating the vasodilatory
capacity by using the asymmetry index is diffi-
cult in patients with bilateral occlusive lesions,
because the asymmetry index is useful only
when the unaffected side is normal. Second,
after the administration of a vasoactive drug,
detecting the “intracerebral steal phenomenon”
(11), which is a paradoxical decrease in CBF
within hemodynamically compromised tissues,
is difficult (12). In our study, susceptibility-
weighted MR images showed a small decreased
signal intensity in occlusive areas with de-
creased vasodilatory response 6 minutes after
acetazolamide administration. We suspect that
this decreased signal intensity may reflect CBF
that is decreased because of intracerebral steal.
This study shows that susceptibility-weighted
MR imaging may become a useful technique for
estimating vasodilatory capacity. We think that
susceptibility-weighted MR imaging is attractive
for several reasons: widespread availability,
lack of ionizing radiation, and its high spatial
and temporal resolution. It has possibilities for
detecting intracerebral steal as a decrease in
signal intensity and for evaluating bilateral oc-
clusive lesions.

In conclusion, we found that susceptibility-
weighted MR images could detect rCBF change
caused by acetazolamide administration. This
technique may prove useful in evaluating cere-
bral perfusion reserve in patients with chronic
occlusive cerebrovascular disease.



AJNR: 17, April 1996

References

1.

Ogawa S, Lee TM, Kay AR, et al. Brain magnetic resonance
imaging with contrast dependent on blood oxygenation. Proc Natl
Acad Sci U S A 1990;87:9868-9872

. Kwong KK, Belliveau JW, Chesler DA, et al. Dynamic magnetic

resonance imaging of human brain activity during primary sen-
sory stimulation. Proc Natl Acad Sci U S A 1992;89:5675-5679

. Turner R, Jezzard P, Wen H, et al. Functional mapping of the

human visual cortex at 4 and 1.5 Tesla using deoxygenation
contrast EPl. Magn Reson Med 1993;29:277-279

. Bandettini PA, Wong EC, Hinks RS, et al. Time course EPI of

human brain function during task activation. Magn Reson Med
1992;25:390-397

. Blamire AM, Ogawa S, Ugurbil K, et al. Dynamic mapping of

human visual cortex by high speed magnetic resonance imaging.
Proc Natl Acad Sci U S A 1992;89:11069-11073

. Connelly A, Jackson GD, Frackowiak RSJ, et al. Functional map-

ping of activated human primary cortex with a clinical MR imaging
system. Radiology 1993;188:125-130

. Frahm J, Bruhn H, Merboldt K, et al. Dynamic MR imaging of

human brain oxygenation during rest and photic stimulation. J
Magn Reson Imaging 1992;2:501-505

. Frahm J, Merboldt K, Hanicke W. Functional MRI of human brain

activation at high spatial resolution. Magn Reson Med 1993;29:
139-144

. Vorstrup S. Tomographic cerebral blood flow measurements in

patients with ischemic cerebrovascular disease and evaluation of
the vasodilatory capacity by the acetazolamide test. Acta Neurol
Scand 1988;77:5-48

10.

11.

12.

13.

14.

15.

16.

17.

VASODILATORY CAPACITY 637

Vorstrup S, Henriksen L, Paulson OB. Effect of acetazolamide on
cerebral blood flow and cerebral metabolic rate for oxygen. J Clin
Invest 1984;74:1634-1639

Vorstrup S, Brun B, Lassen NA. Evaluation of the cerebral vaso-
dilatory capacity by the acetazolamide test before EC-IC bypass
surgery in patients with occlusion of the internal carotid artery.
Stroke 1986;17:1291-1298

Hirano T, Minematsu K, Hasegawa Y, et al. Acetazolamide reac-
tivity on I-123 IMP single photon emission computed tomography
in patients with major cerebral artery occlusive disease: correla-
tion with positron emission tomography parameters. J Cereb
Blood Flow Metab 1994;14:763-770

Nakagawara J, Nakamura J, Takeda R, et al. Assessment of
postischemic reperfusion and diamox activation test in stroke
using Tc-99m-ECD SPECT. J Cereb Blood Flow Metab 1994;14:
S49-S57

Yamashita T, Hayashi M, Kashiwagi S, et al. Cerebrovascular
reserve capacity in ischemia due to occlusion of major arterial
trunk: studies by Xe-CT and the acetazolamide test. J Comput
Assist Tomogr 1992;16:750-755

Kjallquist A, Siesjo BK. Increase in the intracellular bicarbonate
concentrations in the brain after acetazolamide. Acta Physiol
Scand 1966;68:225-226

Kjallquist A, Nardini M, Siesjé BK. The effect of acetazolamide
upon tissue concentrations of bicarbonate, lactate and pyruvate in
the cat brain. Acta Physiol Scand 1969;77:241-251

Duyn JH, Moonen CTW, Yperen GH, et al. Inflow versus deoxy-
hemoglobin effects in BOLD functional MRI using gradient echoes
at 1.5 T. NMR Biomed 1994,7:83-88



