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The changes in cerebral blood flow (CBF) and arterial-to-
capillary blood volume (V0) induced by acetazolamide (ACZ)
are expected to be parallel each other in the normal circula-
tion; however, it has not been proven that the same changes
in those parameters are observed in patients with cerebro-
vascular disease. To investigate the relationship between
changes in CBF, vasodilatory capacity, and other hemody-
namic parameters, the ACZ test was performed after an
15O-gas PET study. Methods: Twenty-two patients with uni-
lateral major cerebral arterial occlusive disease underwent
PET scans using the H2

15O bolus method with the ACZ test
after the 15O-gas steady-state method. CBF and V0 for each
subject were calculated using the 3-weighted integral
method as well as the nonlinear least-squares fitting method.
After evaluation of accuracy in V0 values, a new parameter,
the CBF/V0 ratio, which is expected to disclose arterial per-
fusion pressure, was also compared between the conditions.
Results: The regional CBF (rCBF) and V0 increased signifi-
cantly after ACZ administration in the hemisphere contralat-
eral to the ischemic side. However, in a subgroup of patients
who showed a significant reduction in the rCBF increase in
the ipsilateral hemisphere (group A), the ACZ injection
caused no change or a slight decrease in rCBF even though
the V0 showed a significant increase. Thus, the increases in rCBF
and V0 did not necessarily parallel each other in the ipsilateral
hemispheres of patients who have impaired cerebral circulation. A
parameter defined by the rCBF/V0 ratio decreased significantly in
the ipsilateral hemisphere of group A after ACZ administration,
although the ratio showed no change in the contralateral hemi-
sphere or in the other subgroup (group B). Conclusion: The
change in the rCBF/V0 ratio after ACZ challenge may represent an
alteration in arterial perfusion pressure that is expected to indicate
a critical hemodynamic status in patients with cerebrovascular
disease, especially in patients who have a reduced rCBF response.

Key Words: acetazolamide; cerebrovascular disease; cerebral
blood volume; vasodilatory capacity; cerebral perfusion
pressure

J Nucl Med 2003; 44:1875–1883

The ability of autoregulation to maintain the cerebral
blood flow (CBF), which resides in the cerebral circulation
despite transient changes in systemic mean arterial blood
pressure, has been shown to occur via the mechanism of
arteriolar vasodilatation in the cerebral circulation (1). The
vasodilatory change in the cerebral arteries is assumed for
the compensatory hemodynamic stages in occlusive cere-
brovascular disease (CVD) (2), which is the basis of the
acetazolamide (ACZ) test for evaluating the residual vaso-
dilatory capacity in those patients. The test assesses the
cerebrovascular response to a vasodilatory stimulus by mea-
suring changes in CBF or blood velocity (3–5), and it has
been used for evaluation of the cerebral hemodynamic sta-
tus and the risk of cerebral ischemia in patients with cere-
bral arterial occlusive diseases. However, it remains un-
known whether the CBF increase induced by ACZ
administration accurately represents the vasodilatory capac-
ity under the varying hemodynamic conditions observed in
stenoocclusive CVD. Although our previous study with
healthy volunteers proved that changes in CBF were accom-
panied by changes in the vascular distribution volume (V0),
which represents the arterial-to-capillary blood volume
(6,7), a vasodilatory stimulus in the affected area of patients
may induce a different hemodynamic response to the stim-
ulus because a severe occlusive change in the major cerebral
arteries would affect the regional perfusion pressure. The
relationship between arterial vasodilatation and an increase
of regional CBF (rCBF) seems more complicated in the
affected part of the brain compared with the normal cerebral
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circulation, suggesting that the measurement of rCBF
changes induced by ACZ may not properly evaluate the
status of hemodynamic impairment. Furthermore, a de-
crease in rCBF after ACZ administration, the so-called steal
phenomenon, may be observed instead of an increase in
patients with CVD (8,9).

The phenomenon is presumed to be caused by the redis-
tribution of blood from the impaired regions, where auto-
regulatory vasodilatation is already at its maximum in re-
sponse to a reduced perfusion pressure, to the relieved areas,
where the ability of vasodilatation still exists. This also may
be induced by the redistribution of regional arterial perfu-
sion pressure according to the relative differences in the
regional vasodilatory capacity. However, it has not yet been
proven that the maximal vasodilatation with the exhaustion
of vasodilatory capacity causes the steal phenomenon in-
duced by a vasodilatory stimulus. Additional information
obtained from regional changes in V0 in the ACZ test would
reveal the relationship between blood flow and vasodilatory
capacity as well as provide a new index for the assessment
of impaired hemodynamic status in patients with severe
arterial occlusive disease. Because the cerebral perfusion
pressure (Cpp) is considered to be correlated with the flow-
to-volume ratio (Cpp � F/V) (2,10,11), the arterial perfusion
pressure would be related to the CBF/V0 that will reveal a
change in arterial Cpp. The result that the changes in CBF
and V0 induced by ACZ were parallel in healthy subjects
was consistent with this assumption under no change in the
systemic blood pressure and the stable Cpp (8).

To investigate whether changes in rCBF induced by ACZ
accurately reflect the vasodilatory capacity and hemody-
namic stages in patients with CVD, PET scans were used for
the measurement of CBF, V0, and other hemodynamic pa-
rameters to assess the status of cerebral circulation and the
vasodilatory capacity. Time–activity curves obtained from
dynamic data of H2

15O PET were analyzed to evaluate
whether the impaired cerebral circulation affected the tim-
ing of tracer arrival, which may cause a difference in the
tracer kinetics of each hemisphere in patients. To ensure that
the V0 values were not affected by the calculation methods, V0

was calculated using both a nonlinear least-squares (NLS)
fitting and the 3-weighted integral (3-WI) method (9,12).

MATERIALS AND METHODS

Subjects
The study consisted of 22 patients (18 men, 4 women; age

range, 51–77 y; mean � SD, 66.4 � 7.3 y) with unilateral major
cerebral arterial occlusive disease. All patients studied had an
occlusion or 99% stenosis in the unilateral internal carotid artery
(ICA) or in a middle cerebral artery (MCA; 5 patients), which
should be appropriate with the accompanying symptoms. Of the 22
patients, 5 had suffered transient ischemic attacks (TIAs), 15 had
had a nonsevere, nondisabling hemispheric stroke with mild dis-
ability, and 2 had no neurologic symptoms. The interval between
the latest ischemic event and the individual PET scan ranged from
2 wk to 37 mo. All 10 patients with an occlusion and 6 patients

with severe stenosis in the major cerebral arteries had collateral
circulations from the contralateral hemisphere via the anterior or
posterior communicating arteries, the ophthalmic artery, or the
leptomeningeal arteries in the same side of the occlusion. The
other 6 patients with severe stenosis did not show visible collateral
circulation. The study was approved by the Ethical Committee of
the Research Institute of Shiga Medical Center, and written in-
formed consent was obtained from each subject before the study.

PET Procedures
All subjects underwent PET scans with a whole-body tomog-

raphy scanner (Advance; General Electric Medical Systems),
which permits simultaneous acquisition of 35 image slices with an
interslice spacing of 4.25 mm (13). Performance tests showed the
intrinsic resolution of the scanner to be 4.6–5.7 mm and 4.0–5.3
mm in the transaxial direction and the axial direction, respectively.
A transmission scan was performed using 68Ge/68Ga for attenua-
tion correction in each subject before tracer administration. All
emission scans were acquired in a 2-dimensional mode. The PET
data were reconstructed using a Hanning filter with a resolution of
6.0-mm full width at half maximum in the transaxial direction.

The subjects were positioned on the scanner bed with their
heads immobilized using a head holder. A small cannula was
placed in the left brachial artery for blood sampling. The patients
underwent PET scans using the bolus method with 1,110 MBq
H2

15O and dynamic data acquisition, followed by the steady-state
method with 15O-gas inhalation as described (14). An additional
H2

15O bolus PET scan was performed 10 min after ACZ injection.
For the CBF measurement using the bolus method with H2

15O
injection, a 3-min dynamic PET scan was started at the time of
tracer administration from the right antecubital vein with frame
durations of 5 s � 12, 10 s � 6, and 20 s � 3. The radioactivity
in the arterial blood was counted continuously using an automatic
coincidental radioactive counter (Pico-Count; Bioscan Inc.) during
the H2

15O scans (15). The arterial blood was drawn using a
Bio-minipump (AC-2120; Atto Co.) at a constant rate of 7 mL/min
for the first 2 min, followed by manual sampling of 0.5 mL of
blood every 20 s during the rest of the scan time (16). Radioac-
tivity counted by the automatic radioactive counter was calibrated
with that of the arterial blood sampled manually. Decay of the
radioactivity from PET and blood data was corrected to the starting
point of each scan, and dispersion for the external tube in the
arterial curves was corrected with a double-exponential dispersion
function (16,17).

In the steady-state method (18,19), the subjects inhaled C15O2

(400 MBq/min) and 15O2 (800 MBq/min) continuously for approx-
imately 10 min, followed by static data acquisition for 5 min to
obtain images of the CBF, oxygen extraction fraction (OEF), and
cerebral metabolic rate of oxygen (CMRO2). Each subject also
inhaled C15O as a single dose of 1,200 MBq to obtain a cerebral
blood volume (CBV) image (14). Arterial blood was sampled
during each procedure and the radioactivity in the blood was
immediately measured with a scintillation counter. During the PET
scanning for the steady-state method with 15O2, the sampled blood
was divided into 2 aliquots to count the radioactivity of both whole
blood and plasma. The arterial tensions for CO2 (PaCO2) and O2

(PaO2), the pH, and the total arterial O2 content for calculation of the
CMRO2 were also measured from one of the blood samples. The
blood pressure of each subject was measured continuously through
the arterial line and displayed on a monitor during the PET study.
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ACZ (1.0 g/10 mL saline) was administered intravenously over
60 s at a constant flow rate after the 15O-gas scans. The H2

15O PET
scan to measure changes in CBF and V0 was started 10 min after
ACZ administration using the same procedure as for the baseline
scanning.

Calculation of Parametric Images and Regional Values
in Bolus Method

In the bolus method, CBF (mL/min/100 g) and V0 (mL/100 g)
images were calculated from the dynamic PET data and arterial
blood curves by means of the 3-WI method based on a 2-compart-
ment model expressed by the following equation:

M�t� � K1Ca�t� � e�k2t � V0Ca�t�,

where K1 (mL/min/g) and k2 (/min) are rate constants for the
tracers, M (Bq/g) is the radioactivity in brain tissue, and Ca

(Bq/mL) is an arterial input function. The calculation procedure for
the 3-WI method has been described in detail elsewhere (7,12). In
the 3-WI method, the time delay of arterial input was corrected
automatically in the program, and a time constant of � � 4 s was
used for the internal dispersion correction (7,20,21). For the cal-
culation of the CBV (mL/100 g) from the C15O scan data, a
cerebral-to-large vessel hematocrit ratio of 0.85 was used (22,23).

V0 values were also obtained from the dynamic data of the
H2

15O bolus PET using an NLS fitting to the full operation equa-
tion for the 2-compartment model described above. The regions of
interest (ROIs) were drawn on the cortical territories of the MCA
in the bilateral hemispheres at the level of the centrum semiovale
as shown in Figure 1, and the time–activity curves were obtained
from the dynamic data of the H2

15O scans. To avoid including
infarct areas in each ROI, individual MR images were referred to
when drawing the ROIs. In the NLS fitting, the arterial input
function with dispersion correction and the tissue time–radioactiv-
ity curve obtained from each ROI were fitted to estimate an
appropriate time shift for each region in the bilateral hemisphere
using the slope method (7,21). Using the same ROIs, the regional
V0 values for the baseline condition and after ACZ administration
were obtained from the V0 images calculated by the 3-WI method

to compare them with those obtained by the NLS method. To
evaluate accuracy of the model applied in this study, the NLS
method was also applied to another model without V0 (no-V0

model) in the previous equation. The 2 models were compared for
each hemisphere and for the 2 conditions using the Akaike infor-
mation criteria (AIC) (24).

Data Analysis
Regional values for each parametric image were determined

using the same ROIs described above, which were applied to all
parametric images for each subject. The regional values of each
hemodynamic parameter thus obtained were compared statistically
between the 2 hemispheres using a paired t test. Differences in
rCBF and V0 images between the 2 conditions before and after
ACZ administration as well as between the bilateral hemispheres
were compared statistically using repeated-measures ANOVA.
Any relationship between the parameters in patients was also
examined in each hemisphere using a linear regression analysis
with an F test. To evaluate the changes in rCBF and V0 before and
after ACZ, the ratio of rCBF to V0 (rCBF/V0 ratio) was obtained
for each region and compared between the bilateral hemispheres in
the 2 conditions.

Patients were divided into 2 groups according to the results of
the percentage change in rCBF obtained from the ACZ challenge
studied previously in the healthy volunteers (6). The lower limit
percentage in the rCBF increase was defined from the 95% refer-
ence range of the mean percentage increase in the 16 hemispheres
of 8 volunteers who had the CBF measured 10 min after the ACZ
challenge (6); the value was expected to include 95% population of
healthy subjects (25). Group A consisted of patients who showed
an rCBF increase of the ipsilateral hemisphere less than the limit
of 10.5% (mean � 2 SD of the percentage increase in volunteers),
and the rest of the patients were defined as group B. The differ-
ences in rCBF and V0 between the 2 conditions and differences in
each parameter of the 2 hemispheres were compared in each group
using repeated-measures ANOVA.

When a difference was detected by the repeated-measures
ANOVA, a post hoc comparison was performed using a paired t
test. P 	 0.05 was considered to indicate a statistically significant
difference. A correction for multiple comparisons was applied to
the threshold probability value of the paired t test to keep overall

 � 0.05 when testing multiple null hypotheses.

RESULTS

Of the 6 physiologic parameters measured in the 22
patients at baseline and after ACZ, only the PaO2 increased
significantly from 76.6 � 10.1 to 92.2 � 13.0 mm Hg
between the 2 conditions of baseline and after ACZ admin-
istration (P 	 0.0001, repeated-measures ANOVA). Mean
blood pressure and PaCO2, which may affect the CBF values,
and the other 3 physiologic variables did not change during
the study.

The mean regional values for the cortical territories of the
bilateral MCA in all patients are given in Table 1. Both
hemispheres in the patients showed a significant increase in
rCBF after ACZ administration, although the percentage
change in rCBF in the ipsilateral hemisphere was signifi-
cantly smaller than that in the contralateral hemisphere (P 	
0.001, paired t test). The rCBF was significantly different

FIGURE 1. ROIs drawn on cortical territories of MCAs in
bilateral hemispheres at level of centrum semiovale with refer-
ence to individual MR images. Time–activity curves for H2

15O
PET scans and regional values in parametric images were ob-
tained using the same ROIs for each subject.
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between the 2 conditions (P 	 0.005 and P 	 0.0001) and
between the bilateral hemispheres (P 	 0.001, repeated-
measures ANOVA). V0 values obtained from the 3-WI
method also showed significant differences in the 2 condi-
tions (P 	 0.0001) and in the 2 hemispheres (P 	 0.001,
repeated-measures ANOVA). The percentage increase in V0

was significantly smaller in the ipsilateral hemisphere than
that in the contralateral hemisphere (P 	 0.005, paired t
test). All parameters measured from the 15O-gas steady-state
method were significantly different between the bilateral
hemispheres. In the ipsilateral hemisphere, CBV and OEF
were increased, whereas the CMRO2 was decreased (P 	
0.005, paired t test). Because the CO2 PET data were used
only for calculation of OEF and CMRO2 images in this
study, rCBF values calculated from the steady-state method
were not included in Table 1. The values were 33.7 � 10.1
and 38.9 � 7.5 mL/min/100 g for the ipsilateral and con-
tralateral hemispheres, respectively, which were not differ-
ent from the baseline rCBF by the H2

15O bolus method.
The V0 values were also calculated by means of the NLS

fitting method with the tissue time–activity curves obtained
from the dynamic PET data using the same ROIs on the
bilateral MCA territories. Figure 2 shows 2 representative
tissue time–activity curves of the bilateral hemispheres and
the results of the NLS fitting method. No time difference
was observed in the arrival of tracer between the bilateral
cortical regions of the MCA territories with a moderate
rCBF difference (Fig. 2A) or a significant rCBF difference
(Fig. 2B). Table 2 shows the V0 values calculated from the
3-WI and NLS methods. The values were not different in
the each hemisphere for both conditions irrespective of the
calculation methods. The effect of kinetic modeling on the
NLS fitting was evaluated using the AIC values. In the

baseline condition, the AIC values were 234 � 16 (ipsilat-
eral) and 237 � 18 (contralateral) for the V0 model and
238 � 15 (ipsilateral) and 243 � 17 (contralateral) for the
no-V0 model. After the ACZ injection, the values were
240 � 18, 247 � 18, 248 � 16, and 259 � 21, respectively.
The V0 model showed significantly smaller AIC values than
the no-V0 model (P 	 0.0001, repeated-measures
ANOVA), whereas the laterality of hemispheres did not
differ between the 2 models.

Patients were divided into 2 groups as defined by the
normal limit of the rCBF increase in the ipsilateral hemi-
sphere. Group A consisted of 11 patients who had a
smaller increase in the ipsilateral rCBF than the limit, and
group B consisted of the other 11 patients who had a
greater rCBF increase than the limit. Of the 11 patients in
group A, 4 had a history of TIAs (36%), 5 had suffered
a stroke, and the other 2 had minor or no symptoms. On
the other hand, 10 patients from group B had suffered a

FIGURE 2. Representative tissue time–activity curves of ipsi-
lateral (f) and contralateral (‚) hemispheres as well as results of
NLS fitting (solid line) with full operation equation for 2-com-
partment model. No difference in tracer arrival time between 2
hemispheres was observed in either case with moderate (A) or
with significant (B) difference in bilateral rCBF.

TABLE 1
Changes in CBF and V0 in ACZ Test and Other

Parametric Values (Mean � SD)

Parameter

Patients with CVD (n � 22)

Ipsilateral Contralateral

CBF (mL/min/100 g)
Baseline 36.5 � 8.1* 40.8 � 6.8
ACZ 41.5 � 11.2*† 54.7 � 9.5‡

Change (%) 13.6 � 20.2* 35.1 � 17.6
V0 (mL/100 g)

Baseline 1.73 � 0.50* 2.11 � 0.51
ACZ 2.23 � 0.61*‡ 2.94 � 0.73‡

Change (%) 31.8 � 26.1§ 42.6 � 30.7
CMRO2 (mL/min/100 g) 2.71 � 0.44§ 2.99 � 0.33
OEF (%) 50.2 � 7.4§ 47.7 � 6.2
CBV (mL/100 g) 4.21 � 0.50§ 3.90 � 0.49

*P 	 0.001, §P 	 0.005 comparing between bilateral hemi-
spheres (repeated-measures ANOVA and paired t test).

†P 	 0.005, ‡P 	 0.001 comparing before and after ACZ admin-
istration (repeated-measures ANOVA and paired t test).

Values are given for regions of bilateral MCAs.
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stroke (91%) and only 1 patient had a history of TIA
(9%). The mean age of groups A and B was 65.2 � 6.2 y
and 67.6 � 7.7 y, respectively, which were not signifi-
cantly different. Mean values for each parameter as well
as the changes in rCBF and V0 for the 2 conditions are
shown in Table 3. The absolute values of rCBF and V0

were significantly different between the 2 hemispheres in
both groups. However, the percentage change in rCBF
did not differ in the 2 hemispheres of group B. The
ipsilateral hemisphere of group A showed a slight de-
crease in rCBF after ACZ administration because 7 pa-
tients in group A showed a decrease in rCBF in the
ipsilateral hemisphere. An index of the rCBF/V0 ratio
listed in Table 3 showed no significant differences be-

tween the bilateral hemispheres of either group, although
the ipsilateral hemisphere of group A tended to show a
slight increase in the ratio compared with the other side
or group B. However, in the ipsilateral hemisphere of
group A, the ratio decreased significantly after ACZ
injection (P 	 0.05), and the reduction was significantly
greater than that of the 2 hemispheres of group B (P 	
0.05, repeated-measures ANOVA). The change in the
rCBF/V0 ratio for each patient is presented in Figure 3. A
decrease of the rCBF/V0 was observed in the ipsilateral
hemisphere of group A, whereas those of the other hemi-
sphere and group B showed no change. Figure 4 shows
the images of 2 representative patients with severe ste-
nosis in the left MCA and right MCA, respectively. The

TABLE 2
Comparison of V0 Values (Mean � SD) Calculated from 3-WI and NLS Methods

Subjects

3-WI method (mL/100 g) NLS fitting (mL/100 g)

Baseline ACZ* Baseline ACZ*

All patients (n � 22)
Ipsilateral 1.73 � 0.50 2.23 � 0.61 1.75 � 0.47 2.28 � 0.60
Contralateral 2.11 � 0.51 2.94 � 0.73 2.16 � 0.50 3.03 � 0.83

Group A (n � 11)
Ipsilateral 1.57 � 0.51 1.95 � 0.46 1.63 � 0.54 2.06 � 0.49
Contralateral 2.08 � 0.60 2.85 � 0.86 2.15 � 0.52 2.97 � 1.00

Group B (n � 11)
Ipsilateral 1.89 � 0.44 2.52 � 0.63 1.86 � 0.38 2.49 � 0.64
Contralateral 2.14 � 0.43 3.03 � 0.61 2.17 � 0.50 3.08 � 0.68

*After ACZ administration.
Values were obtained from data of cortical territories in bilateral MCAs.

TABLE 3
Group Mean of CBF and V0 Changes in ACZ Test and Other Parametric Values

Parameter

Group A (n � 11) Group B (n � 11)

Ipsilateral Contralateral Ipsilateral Contralateral

CBF (mL/min/100 g)
Baseline 35.7 � 10.7* 41.5 � 8.1 37.3 � 4.8† 40.1 � 5.4
ACZ 34.8 � 12.0* 53.9 � 11.5‡ 48.2 � 4.9*‡ 55.5 � 7.5‡

Change (%) �2.8 � 11.4* 31.1 � 21.3 29.9 � 11.9 39.0 � 12.7
V0 (mL/100 g)

Baseline 1.57 � 0.51* 2.08 � 0.60 1.89 � 0.44* 2.14 � 0.43
ACZ 1.95 � 0.46*‡ 2.85 � 0.86‡ 2.52 � 0.63*‡ 3.03 � 0.61‡

Change (%) 29.3 � 22.0 42.3 � 32.3 34.4 � 21.5 42.9 � 19.0
CBF/V0 (/min)

Baseline 24.0 � 7.6 20.9 � 5.2 20.9 � 4.1 19.9 � 3.3
ACZ 18.4 � 6.8§ 20.0 � 5.2 20.7 � 5.0 19.4 � 2.8
Difference �5.5 � 7.0† �0.8 � 5.6 �0.2 � 3.0 �0.4 � 2.5

CMRO2 (mL/min/100 g) 2.62 � 0.55 2.90 � 0.28 2.79 � 0.29* 3.07 � 0.37
OEF (%) 53.4 � 8.3* 49.1 � 6.9 47.0 � 4.9 46.3 � 5.3
CBV (mL/100 g) 4.38 � 0.60 4.06 � 0.53 4.04 � 0.33* 3.73 � 0.41
CBF/CBV (/min) 8.11 � 1.99* 10.4 � 1.77 9.29 � 1.30* 10.8 � 1.72

*P 	 0.01, †P 	 0.05 comparing bilateral hemispheres (repeated-measures ANOVA and paired t test).
‡P 	 0.005, §P 	 0.05 comparing conditions of baseline and ACZ injection (repeated-measures ANOVA and paired t test).
Values (mean � SD) are given for regions of bilateral MCAs.
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interhemispheric difference in rCBF was intensified in
both cases after ACZ administration, whereas the abso-
lute rCBF in the ipsilateral side was decreased in patient
A and increased in patient B, although the V0 values in
the same side were slightly increased in both cases.

The OEF in group A was significantly increased in the
ipsilateral hemisphere, whereas no interhemispheric differ-
ence of OEF was seen in group B (Table 3). An asymmetric
increase of OEF in the ipsilateral hemisphere was observed
in 8 of 11 patients in group A (73%) and in 2 of 11 patients
in group B (18%). However, only 5 of the 10 patients with
an OEF increase showed a significant increase in the abso-
lute OEF of �52.9%, which is the upper 95% limit of the
reference range obtained from healthy volunteers measured
at our institute. No relationship between the absolute OEF

and the rCBF increase induced by ACZ administration was
found in either hemisphere (ipsilateral: F � 0.97 	 F1

20

[0.95], r � 0.22). The CBF/CBV ratio was significantly
lower in the ipsilateral hemisphere of both patient groups,
although only group A showed a greater decrease in the
ratio than the lower 95% limit of the reference range ob-
tained from 7 healthy volunteers (mean, 11.9 � 1.65 per
min). Figure 5 shows the relationship between the hemody-
namic parameters of the CBF/CBV ratio and OEF as well as
the rCBF/V0 ratio and CBV under the baseline condition for
all subjects. The CBF/CBV ratio and OEF were inversely
correlated in the ipsilateral hemisphere (y � �2.1 x � 68;
r � 0.48, P 	 0.05). In addition, the rCBF/V0 ratio and
CBV showed a linear correlation only in the ipsilateral
hemisphere of patients (y � 0.054 x � 3.0; r � 0.51, P 	
0.05).

DISCUSSION

The results of this study on 22 patients with unilateral
major cerebral arterial occlusive disease demonstrate that
the arteriolar vasodilatory capacity, which is represented by
a V0 increase, was not necessarily accompanied by rCBF
change in all patients. This suggests that the changes in
rCBF induced by ACZ may not represent either vasodila-
tory change or the residual vasodilatory capacity in the
impaired hemodynamic conditions, although the previous
study with 16 healthy volunteers proved that the ACZ test
induces parallel increases in CBF and V0 (6). A group of
patients who showed a significantly smaller rCBF increase
induced by ACZ in the ipsilateral hemisphere still main-
tained a vasodilatory capacity, although the capacity tended
to be smaller compared with that of the contralateral hemi-
sphere. This result contradicts the assumption that the steal
phenomenon observed in the impaired perfusion is caused
by exhaustion of the vasodilatory capacity due to the max-

FIGURE 3. Changes in rCBF/V0 ratio at cortical territories of
bilateral MCA before and after ACZ administration. Decrease in
rCBF/V0 was observed in ipsilateral hemisphere of group A (f).
Changes in patients of group A are represented by solid lines
and those of group B (‚) are shown as dashed lines.

FIGURE 4. Representative images of pa-
tients with severe stenosis in left MCA from
group A (top row) and in right MCA from
group B (bottom row). Interhemispheric dif-
ference in rCBF was intensified after ACZ
administration in both cases. rCBF in ipsi-
lateral side decreased in patient A, where-
as it increased in patient B, although V0

values in same side slightly increased in
both cases. Same color scale is used for
same parametric images.
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imal autoregulatory vasodilatation in response to a reduced
Cpp (3,4). Because the cerebral hemodynamic parameters
and their response to ACZ will vary in patients with CVD,
the change in rCBF after ACZ administration may not
appropriately represent the vasodilatory capacity or the vas-
cular reserve if the change in rCBF is not accompanied by
change in V0. To evaluate the hemodynamic status in CVD,
an assessment with multiple hemodynamic parameters
would be necessary. In this study, the new parameter rCBF/
V0, which may be useful as an index of changes in the
arterial perfusion pressure, was proposed to evaluate critical
hemodynamic changes in major cerebral arterial occlusive
disease.

To evaluate the precision of V0 images obtained by the
3-WI method, regional values of the MCA territories were
compared with those obtained by the NLS method. The
hemodynamic parameter of V0 was originally defined as the
vascular distribution volume, which reflects the arterial-to-
capillary blood volume when the extraction fraction of a
tracer used for the rCBF measurement is sufficiently high
(7). This parameter is usually calculated by applying the
NLS method using time–activity curves for arterial input
function and tissue activity obtained from ROIs on dynamic
PET data. To evaluate the propriety of the kinetic model, the
AIC values were obtained for the 2 models with or without
V0, and the ANOVA for AIC showed that the V0 model is
suitable for H2

15O PET data. This result is consistent with
the previous similar analysis comparing the 2 models (26).

The 3-WI method was used to generate images on the
basis of a 2-compartment model, and it was validated that
the V0 images represent the arterial-to-capillary blood vol-
ume (7,12,14,27). However, regional differences in the de-
lay of tracer arrival in the impaired cerebral circulation may
affect the regional values of rCBF and V0 calculated in
patients with CVD. This is because the NLS method was
used to calculate V0 values independently for each hemi-
sphere. No difference in the time delay was observed be-
tween the tissue time–activity curves of the bilateral hemi-
spheres, although a longer time delay for tracer arrival was
expected in the ipsilateral hemisphere of patients (Fig. 2).
Because the initial frame time of the dynamic PET scan was
5 s, a shorter time difference than this frame length could
not be detected. No difference in the absolute values was
observed between the 2 calculation methods of 3-WI and
NLS, suggesting that the 3-WI method can be applied to
image calculation in patients with CVD and that V0 values
obtained by this method can be used as a parameter to
evaluate the hemodynamic status in patients.

A reduction in rCBF induced by ACZ (steal phenome-
non) on the ipsilateral hemisphere was observed in 7 of the
11 patients from group A, and the mean rCBF of this group
slightly decreased from the baseline value. However, the V0

increased in the bilateral hemispheres of both patient groups
as well as the cortices, where the steal phenomenon was
observed. This divergence in the changes of rCBF and V0

observed in the ipsilateral hemisphere of group A was not
observed in the contralateral hemisphere or in the bilateral
hemisphere of group B, in which the 2 parameters showed
a significant parallel increase. The rCBF/V0 ratio decreased
significantly after ACZ administration only in the ipsilateral
hemisphere of group A because of the divergence in the
changes of rCBF and V0. Because the rCBF/V0 ratio is
presumed to be an index reflecting cerebral arterial perfu-
sion pressure, just as the index of the CBF/CBV ratio is
expected to indicate Cpp (2,10,11), the reduction of the ratio
suggested a temporal reduction of arterial perfusion pres-
sure induced by a vasodilatory stimulus. In contrast to the
impaired hemisphere of group A, the other hemisphere of
group A and the bilateral hemispheres of group B showed

FIGURE 5. Relationship between hemodynamic parameters
for CBF/CBV ratio and OEF (A) and between rCBF/V0 ratio and
CBV (B) in baseline condition for ipsilateral (f) and contralateral
(‚) hemispheres of all subjects. In both relationships, 2 param-
eters were linearly correlated only in ipsilateral hemisphere.

VASODILATATION AND CBF INCREASE IN CVD • Okazawa et al. 1881



no change in the rCBF/V0 ratio, suggesting that these hemi-
spheres preserved arterial perfusion pressure under the va-
sodilatory stimulus. The ratio at baseline conditions tended
to be greater in the ipsilateral hemisphere compared with
that in the contralateral hemisphere, especially in group A.
If the ratio represents the arterial perfusion pressure, this
observation contradicts the evidence that the arterial pres-
sure in the ICA was significantly lower in the occlusive side
(3). However, the stenotic carotid artery may require an
elevated arterial perfusion pressure to maintain CBF as Ruff
et al. assumed that the systemic hypertension occurred in the
TIA patients with major cerebral arterial stenoocclusive
disease (28). They also presumed that a decrease in perfu-
sion pressure in the regions of focal CBF impairment would
induce TIAs when the patients suffered systemic hypoten-
sion. The significant reduction of the rCBF/V0 ratio in our
study was also consistent with a reduction of the arterial
perfusion pressure that is expected to occur in the deficient
collateral circulation (8). This observation is also consistent
with the fact that the transit time was prolonged in the
ipsilateral hemisphere of group A after vasodilatation be-
cause the rCBF/V0 ratio can be defined as the reciprocal of
an arterial mean transit time. Although the absolute value of
the rCBF/V0 ratio may not represent the absolute arterial
perfusion pressure itself, the change in the ratio would be
sensitive as a relative change in perfusion pressure and,
thus, can be used as an index for evaluating the regional
adaptability to vasodilatation. A change in this parameter
during the ACZ test would indicate a relative redistribution
of perfusion pressure and a reduced perfusion pressure in
the impaired hemisphere.

The regional CBV and rCBF/V0 ratio were mildly corre-
lated in the impaired hemisphere. This result may indicate
that a redistribution of the perfusion pressure due to the
improved collateral circulation or a constriction of the ar-
teriole had occurred in the chronic phase of autoregulation,
and thus a slight increase in peripheral perfusion pressure
may occur to maintain rCBF. The increase in peripheral
perfusion pressure may induce an increase in the postcap-
illary blood volume. Indeed, the baseline V0 in the ipsilat-
eral hemisphere decreased significantly compared with that
in the contralateral hemisphere, whereas the CBV was in-
creased significantly. Contrary to this assumption, a passive
dilatation of the postcapillary vessels could have occurred in
the regions of reduced perfusion pressure. In any case, it
would be probable that the increase in CBV in the ipsilateral
hemisphere of CVD is mainly caused by an increase in the
postcapillary venous volume in the cerebral circulation (14).

If the reduction of the rCBF/V0 ratio induced by ACZ
represents the reduction of arterial perfusion pressure, this
parameter would be the most appropriate index for the
evaluation of critical hemodynamic changes in impaired
cerebral circulation. Figure 6 shows the relationship be-
tween the percentage change in V0 and changes in the
rCBF/V0 ratio induced by ACZ injection in the ipsilateral
hemisphere of all patients. The 2 parameters showed an

inverse linear correlation (y � �0.16x � 2.2; r � 0.72, P 	
0.01), indicating that the arterial blood volume increased
according to the degree of reduction of perfusion pressure in
the ACZ test. This is assumed to be caused not only by the
vasodilatory effect of ACZ administration but also by the
autoregulatory vasodilatory response to a transient change
in the reduction of perfusion pressure, suggesting that these
regions preserved the vasodilatory capacity despite showing
the steal phenomenon.

A metabolic impairment in the affected hemisphere with
a reduction of the vascular bed would provide insufficient
vasodilatation (25) and responsiveness against a vasodila-
tory stimulus. The maximal vasodilatory change caused by
autoregulation due to a decrease in perfusion pressure
would not yield an increase in rCBF and V0, resulting in no
change in the rCBF/V0 ratio. This is presumed to be caused
by exhaustion of the vasodilatory capacity. However, if the
cortical region showed only a reduction of the vascular
density due to neuronal impairment and still preserved the
vasodilatory capacity, the rCBF/V0 ratio would be reduced
by a vasodilatory stimulus. Of the 7 patients who showed
the steal phenomenon, 3 showed no increase in OEF but did
show a V0 increase in the ipsilateral hemisphere, indicating
a significant reduction of the rCBF/V0 ratio. In such cases,
changes in the rCBF/V0 ratio or in V0 might be a more
sensitive parameter than OEF. Thus, the ACZ test combined
with analysis of both rCBF and V0 obtained from the bolus
method using H2

15O PET is considered to be useful for
evaluation of the cerebral vasodilatory capacity and critical
hemodynamic status in patients with major cerebral arterial

FIGURE 6. Relationship between percentage change in V0

and changes in rCBF/V0 ratio induced by ACZ administration in
ipsilateral hemispheres of all patients. Two parameters were
linearly correlated, indicating that arterial-to-capillary vasodila-
tation occurred in accordance with reduction of perfusion pres-
sure in ACZ test.
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occlusive disease to determine the indications for neurosur-
gical treatment and to assess the effects of treatment.

Because a large time difference in tracer arrival between
the 2 hemispheres may cause a large bias in the V0 value in
the affected hemisphere, the time shift of tracer arrival
should be carefully estimated individually in each hemi-
sphere before applying the automatic calculation. In the
present method with H2

15O PET, the minimal frame time of
5 s may provide small errors in time-shift estimation, al-
though the slope method showed only a negligible differ-
ence. The rCBF/V0 ratio might be sensitive and vulnerable
to biases in V0 that would be affected by the time shift of
tracer arrival. The reciprocal of this parameter, which rep-
resents arterial mean transit time, may provide identical
critical hemodynamic changes in the severe occlusive arte-
rial disease.

CONCLUSION

This study demonstrates that the arterial vasodilatory
reaction in cerebral arteries induced by ACZ was not nec-
essarily coupled with rCBF changes in patients with unilat-
eral cerebral arterial occlusive disease, because the decrease
in rCBF was accompanied by an increase in V0 in the region
with the steal phenomenon. The ACZ test with measure-
ments of rCBF may not accurately evaluate the vasodilatory
capacity in patients with CVD, who have varied hemody-
namic conditions. The discrepancy between the ACZ test
and other hemodynamic parameters may be explained by
the differences between the changes in rCBF and V0 caused
by ACZ. The measurement of V0 coupled with the ACZ test
would provide additional parameters for an evaluation of
vasodilatory capacity and cerebral hemodynamics.
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