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A simplified technique using 123I-N-isopropyl-p-iodoamphet-
amine (123I-IMP) autoradiography (ARG) with SPECT has been
proposed recently for quantifying regional cerebral blood flow
(rCBF). To validate the accuracy of 123I-IMP-ARG for quantifying
regional cerebrovascular reactivity (rCVR) to acetazolamide, we
compared rCVR determined using 123I-IMP-ARG with that de-
termined using H2

15O PET. Methods: Thirty-nine patients with
chronic stenoocclusive disease in a unilateral major cerebral
artery underwent SPECT and PET studies before and after
intravenous administration of acetazolamide. The rCBF images
in the 4 conditions in each patient were calculated according to
the ARG method. The same standard input function and the
same distribution volume of 35 mL/mL were used in the calcu-
lation of rCBF images using the 123I-IMP-ARG method at resting
state and with acetazolamide challenge. One large cortical re-
gion of interest (ROI) for a unilateral middle cerebral artery
territory was bilaterally determined on each standardized
summed rCBF image. On the basis of the rCBF values in each
ROI, rCVR to acetazolamide was calculated as follows: rCVR
(%) � ([acetazolamide challenge rCBF � resting rCBF]/resting
rCBF) � 100. Results: Significant correlation was observed
between rCVR values obtained using 123I-IMP-ARG and H2

15O
PET methods in the 78 ROIs examined in the 39 patients (r �
0.820; P � 0.0001). When a rCVR lower than the mean � 2 SD
of values obtained in healthy volunteers (18.4% for 123I-IMP-
ARG and 18.2% for H2

15O PET) was defined as reduced, and
when the H2

15O PET method was assumed to represent the true
determinant of rCVR, 123I-IMP-ARG was 90% sensitive and 92%
specific and displayed an 87% positive predictive value for
detecting patients with reduced rCVR. Conclusion: These find-
ings demonstrate that 123I-IMP-ARG methods accurately quan-

tify rCVR and can adequately define subgroups of patients with
reduced rCVR.
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Evaluation of the regional cerebrovascular reactivity
(rCVR) to a cerebral vasodilatory stimulus is important in
the investigation of patients with ischemic cerebrovascular
disease. Qualitative or quantitative measurement of regional
cerebral blood flow (rCBF) using SPECT with 99mTc- hexa-
methylpropyleneamine oxime, 99mTc-ethylcysteinate dimer,
123I-N-isopropyl-p-iodoamphetamine (123I-IMP), or 133Xe
has been widely used for assessing rCVR (1–6). Recent
prospective studies have demonstrated that rCVR to acet-
azolamide determined quantitatively by 133Xe SPECT can
predict the outcome of major cerebral arterial occlusive
disease (7,8), whereas Yokota et al. (9) reported a prospec-
tive study using qualitative measurement of rCVR to acet-
azolamide with 123I-IMP SPECT that failed to find an asso-
ciation between hemodynamic failure and stroke risk. As
Yonas et al. (10,11) indicated, qualitative assessment of
acetazolamide reactivity is known to have low sensitivity
and specificity for detecting patients with a compromised
reserve. These authors reported that the positive predictive
value of the qualitative methods was 50%. Therefore, the
possibility arises that the acetazolamide reactivity of some
patients has been incorrectly classified by qualitative anal-
ysis.

Recently, a simplified technique known as 123I-IMP–
autoradiography (ARG), which requires only 1-point arte-
rial blood sampling and the acquisition of a single static
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scan, has been developed to quantify rCBF using 123I-IMP
and SPECT (12,13). The 123I-IMP-ARG method is based on
the 2-compartment model for tracer kinetics. The method
uses a standard arterial input calibrated by the radioactivity
of a single arterial whole-blood sample, a standard li-
pophilic fraction of 123I-IMP in whole blood, and a fixed
distribution volume (Vd) of 123I-IMP. Previous studies have
demonstrated a good correlation between rCBF at the rest-
ing state measured by PET with H2

15O and that measured by
the 123I-IMP-ARG method (12,14).

The aim of this study was to validate the accuracy of the
123I-IMP-ARG method for quantifying rCVR to acetazol-
amide. We compared rCVR with acetazolamide determined
quantitatively by the 123I-IMP-ARG method using SPECT
with that determined quantitatively by the H2

15O autoradio-
graphic method using PET in patients who had chronic
stenoocclusive disease in a unilateral major cerebral artery.

MATERIALS AND METHODS

Subjects
Healthy Volunteers. We studied 14 male and 6 female healthy

volunteers between 30 and 68 y old (mean � SD, 53 � 11 y old)
to measure the normal values of rCBF by SPECT or PET. Screen-
ing of the health status included a medical review of past history,
a physical examination, and neurologic and mental tests. Subjects
having a past history of hypertension, diabetes mellitus, atrial
fibrillation, or pulmonary disease were excluded. Before the
SPECT study or the PET study, brain CT was performed to rule
out organic lesions of the brain. Subjects with leukoaraiosis or
asymptomatic lacunar infarction were excluded from this study.
These healthy volunteers were divided into 2 groups; the first
group (7 men, 3 women; mean age, 52 � 12 y; range, 30–68 y)
participated in the SPECT study and the second group (7 men, 3
women; mean age, 53 � 11 y; range, 35–66 y) participated in the
PET study.

Stroke Patients. From March 1997 to September 1998, 157
patients with unilateral chronic major cerebral artery stenoocclu-
sive disease and a history of minor past strokes or transient
ischemic attacks (TIAs) were admitted to our institute for evalu-
ation of rCBF. Of the 157 patients, 39 (27 men, 12 women; mean
age, 62 � 12 y; range, 35–76 y) who underwent both SPECT and
PET studies were included in the study. All patients had their last
cerebral ischemic event �2 mo before entry into the study. No
patient had pulmonary disease. Brain CT or MRI and cerebral
angiography were performed before PET and SPECT studies in all
patients. No infarction or border zone infarction or lacunar infarc-
tion in the basal ganglia or deep white matter was observed in any
of the patients. Twenty-two of the 39 patients examined had minor
past strokes with definite cerebral infarctions on CT or MRI, and
10 had only TIAs with definite cerebral infarctions. The remaining
7 patients had TIAs without definite cerebral infarctions. Unilateral
atherosclerotic vascular lesions were noted on the trunk of the
middle cerebral artery (MCA) in 16 patients (10 occlusions, 6
stenoses) and the internal carotid artery (ICA) in 23 patients (13
occlusions, 10 stenoses).

Informed consent was obtained from all participants and the
study was approved by our Ethics Committee.

123I-IMP SPECT Study
SPECT studies were performed using a ring-type SPECT scan-

ner, a Headtome-SET080 (Shimadzu Corp., Kyoto, Japan), which
provides 31 tomographic images simultaneously. The spatial res-
olution of the scanner with a low-energy, all-purpose collimator
was 13-mm full width at half maximum at the center of the field of
view, and the slice thickness was 25-mm full width at half max-
imum at the center of the field of view. Image slices were taken at
5-mm center-to-center spacing parallel to the orbitomeatal line.
The images were reconstructed using the weighted-filtered back-
projection technique, in which attenuation correction was made by
detecting the edge of the object. An attenuation coefficient of
0.065 cm�1, a Butterworth filter (cutoff, 0.45 cycle/cm; order, 3),
and a ramp filter were used for image reconstruction.

The 123I-IMP SPECT study was performed as described (12,13).
After a 1-min intravenous infusion of 222 MBq of 123I-IMP (5-mL
volume) at a constant rate of 5 mL/min and a 1-min infusion of
physiologic saline at the same rate, data acquisition was performed
at a midscan time of 30 min after the 123I-IMP administration for
a scan duration of 20 min.

At 10 min after the beginning of the 123I-IMP infusion, arterial
blood (2 mL) was taken from the brachial artery. The whole-blood
radioactivity of 1 mL of each blood sample obtained was measured
using a well counter that was cross-calibrated to the SPECT
scanner. The arterial partial pressures of O2 (PaO2) and CO2

(PaCO2) and the blood pH were also measured in the remaining
blood samples using a blood gas tension analyzer.

Two days after the measurement of the rCBF at the resting state,
subjects underwent SPECT with acetazolamide challenge. Acet-
azolamide (1,000 mg; range, 13–19 mg/kg body weight) was given
intravenously 10 min before 123I-IMP administration, and the
SPECT study was performed by the same procedure as for the
resting state.

All reconstructed SPECT images were corrected for the radio-
active decay of 123I back to the 123I-IMP injection start time,
normalized by the data collection time and cross-calibrated to the
well counter system. The rCBF images were calculated according
to the 123I-IMP-ARG method (12). The whole-blood radioactivity
counts of the single blood sample were refereed to the standard
input function. The same standard input function at the resting
state was used in the calculation of rCBF with acetazolamide
challenge (15). The Vd value was assumed to be 35 mL/mL in the
calculation of rCBF images both at resting state and with acetazol-
amide challenge (16,17).

H2
15O PET Study
All patients underwent PET 2 d before SPECT at the resting

state. We used a 4-ring, 7-slice PET scanner (Headtome-IV; Shi-
madzu Corp.) with in-plane and axial resolutions of 8 and 10 mm,
respectively (18). The PET scanner provides 14 tomographic im-
ages with 6.5-mm intervals by the continuous axial motion of the
gantry. The image slices were parallel to the orbitomeatal line
(same as for the SPECT studies).

Before emission scanning, a transmission scan using a 68Ga-
68Ge line source was obtained to correct tissue attenuation. The
rCBF was calculated using the ARG method with 90-s scanning
after an intravenous bolus injection of 1,110 MBq H2

15O (19).
Continuous arterial blood sampling and �-ray monitoring with a
scintillator were conducted throughout PET scanning using a cath-
eter implanted in the radial artery to obtain the arterial input
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function. PaO2 and PaCO2
and the blood pH were also measured in the

same blood samples.
The PET studies at the resting state and with acetazolamide

challenge were performed on the same day. Ten minutes after the
resting rCBF measurement, acetazolamide (1,000 mg; range,
13–19 mg/kg body weight) was given intravenously. Fifteen min-
utes later, the rCBF was measured by the same procedure as for the
resting state.

Blood pressure was measured by auscultation twice for each
CBF measurement. The average values of mean blood pressure in
each CBF measurement were used to assess the change in mean
blood pressure.

Data Analysis
All SPECT and PET images obtained were analyzed as follows.

Coregistration and anatomic standardization were performed on a
128 � 128 � 60 matrix (2.25 � 2.25 � 2.25 mm) for each rCBF
image, using part of a program set within NEUROSTAT (20–22).
Slices between the anterior commissure–posterior commissure
level (AC–PC level) � 11.25 mm and the AC-PC level � 9 mm
of the standardized images, which had nearly identical cortical
shapes, were summed for region-of-interest (ROI) analysis. The
outer cortical border was automatically drawn on the section, and
the inner cortical border was drawn 15.75 mm (7 pixels � 2.25
mm) further inward. The cortical ribbon was then divided into
twelve 30° sectors in a clockwise fashion, and we defined 30° to
150° sectors as the left MCA territory and 210° to 330° sectors as
the right MCA territory (Fig. 1). Thus, 1 large cortical ROI for
each unilateral hemisphere was determined on each standardized
summed rCBF image. Furthermore, the ROI was set bilaterally in
all subjects.

On the basis of the rCBF values in each ROI, rCVR to acet-
azolamide was calculated as follows: rCVR (%) � ([acetazol-
amide challenge rCBF � resting rCBF]/resting rCBF) � 100.

For statistical analysis, the data were expressed as the mean �
SD, and differences among the 4 groups were examined by re-
peated-measures ANOVA. Correlation between various parame-
ters was determined by linear regression analysis. Statistical sig-
nificance was set at the P � 0.05 level.

RESULTS

The values of rCBF at the resting state and with acetazol-
amide challenge and rCVR obtained by the 123I-IMP-ARG
method in 20 ROIs of the first group (10 healthy volunteers)
were 35.9 � 4.4 mL/100 g/min, 48.7 � 5.0 mL/100 g/min,
and 36.8% � 9.2%, respectively. The same values obtained
by the H2

15O PET method in 20 ROIs of the second group
(10 healthy volunteers) were 43.5 � 3.1 mL/100 g/min,
58.7 � 5.8 mL/100 g/min, and 34.8% � 8.3%, respectively.
For the 123I-IMP-ARG method and the H2

15O PET method,
rCVR in the healthy volunteers was not age dependent.

Table 1 shows the average values of the physiologic
variables measured in the 39 patients during SPECT and
PET scanning at the resting state and after acetazolamide
administration. No significant difference in PaO2, PaCO2,
blood pH, or mean blood pressure was observed among the
4 conditions (repeated-measures ANOVA).

Figure 2 shows comparisons of rCBF values obtained by
the 123I-IMP-ARG method and those by the H2

15O PET

method (resting state and acetazolamide challenge, respec-
tively) in 78 ROIs of 39 patients. In both conditions, the fits
to the regression lines were significant (P � 0.0001), with
the correlation coefficients being 0.808 and 0.872, respec-
tively. In particular, rCBF values obtained by the 123I-IMP-
ARG method were highly consistent with those obtained by
the H2

15O PET method in the hypoperfusion areas. How-
ever, the rCBF values obtained by the 123I-IMP-ARG
method were underestimated with increase in rCBF. Rep-
resentative images are shown in Figure 3.

Figure 4 shows comparisons of rCVR values obtained by
the 123I-IMP-ARG method and those by the H2

15O PET
method in 78 ROIs of 39 patients. Significant correlation
was observed between the 2 methods (r � 0.820; P �
0.0001). When a rCVR lower than the mean � 2 SD of the
values obtained in healthy volunteers (18.4% for the 123I-
IMP-ARG method and 18.2% for the H2

15O PET method,
respectively) was defined as reduced, and when the H2

15O
PET method was assumed to be the true determinant (or
gold standard) of rCVR, 4 of 31 ROIs (13%) in which the
123I-IMP-ARG method identified reduced rCVR were con-
sidered false-positives. The values of rCVR obtained by the
123I-IMP-ARG method in these 4 ROIs with false-positives
were 13.1%–17.8%. No ROIs with rCVR lower than the

FIGURE 1. Regions of interest in image slice standardized
and summed using 3-dimensional stereotactic surface projec-
tions.
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mean � 3 SD of the values obtained in healthy volunteers
(9.2%) exhibited false-positives. Conversely, the H2

15O
PET method detected reduced rCVR in 3 of the 47 ROIs
(6%) identified as having no reduced rCVR using the 123I-
IMP-ARG method (false-negatives). The values of rCVR
obtained by the 123I-IMP-ARG method in these 3 ROIs with
false-negatives were 20.9%–25.5%. No ROIs with rCVR
higher than the mean � 1 SD of the values obtained in

healthy volunteers (27.6%) exhibited false-negative find-
ings. Both analytic approaches obtained identical results in
91% of the ROIs; 35% (27/78 ROIs) were true-positives and
56% (44/78 ROIs) were true-negatives. Sensitivity, speci-
ficity, and predictive values were calculated for the 123I-
IMP-ARG method of assessing rCVR. The 123I-IMP-ARG
and H2

15O PET methods will identify the same patients as
positive 90% of the time (sensitivity). The 2 methods will
identify the same patients as negative 92% of the time
(specificity). A patient that the 123I-IMP-ARG method iden-
tifies as positive will be positive according to the H2

15O PET
method 87% of the time (positive predictive value). A
patient that the 123I-IMP-ARG method identifies as negative
will be negative according to the H2

15O PET method 94% of
the time (negative predictive value).

DISCUSSION

Our findings indicated that the 123I-IMP-ARG method
accurately quantifies rCVR to acetazolamide, with a high
correlation (r � 0.820) between rCVR values obtained by
the 123I-IMP-ARG method and those obtained by the H2

15O

TABLE 1
Physiologic Data of 39 Patients Measured During SPECT and PET at Rest and with Acetazolamide Challenge

Parameter

SPECT PET

Rest ACZ Rest ACZ

pH 7.39 � 0.03 7.40 � 0.03 7.40 � 0.04 7.41 � 0.03
PaCO2 (mm Hg) 41.8 � 3.0 40.1 � 2.8 40.6 � 2.9 39.9 � 3.1
PaO2 (mm Hg) 94.1 � 2.9 95.9 � 4.3 94.8 � 3.1 96.8 � 4.1
Mean blood pressure (mm Hg) 95.1 � 8.1 96.6 � 8.2 95.9 � 7.6 97.1 � 9.8

ACZ � acetazolamide; PaCO2 � arterial carbon dioxide tension; PaO2 � arterial oxygen tension.

FIGURE 2. Correlations of rCBF values calculated by 123I-
IMP-ARG method with those calculated by H2

15O PET method.
(A) Resting state. (B) Acetazolamide challenge. Significant cor-
relation was observed in both conditions. Dashed straight line
denotes line of identity.

FIGURE 3. Functional rCBF images calculated by 123I-IMP-
ARG method and those calculated by H2

15O PET method. Data
were obtained from patient with left ICA occlusion. Same color
scale is used to display these 2 quantitative rCBF images. rCBF
images obtained by 123I-IMP-ARG method are reduced in high
rCBF areas compared with PET images.
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PET method. On the other hand, recent prospective studies
have demonstrated that rCVR lower than the mean � 2 SD
or the 95% confidence limit of the values quantitatively
obtained in healthy volunteers using 133Xe SPECT is sig-
nificantly associated with an increased risk of stroke recur-
rence in patients with symptomatic MCA or ICA occlusion
(7,8). Therefore, we defined rCVR lower than the mean �
2 SD of the values obtained in healthy volunteers as re-
duced—that is, being at high risk of stroke recurrence. We
also assumed the H2

15O PET method to be the true deter-
minant (or gold standard) of rCVR. As a result, our study
showed that the 123I-IMP-ARG method is 90% sensitive and
92% specific for detecting patients with reduced rCVR. The
positive predictive value using the 123I-IMP-ARG method is
87%, and the negative predictive value is 94%. These find-
ings suggest that the subgroup of patients at increased risk
for stroke recurrence can be adequately defined by rCVR
quantitatively measured using the 123I-IMP-ARG method.

This study also showed the high correlation of rCBF
values obtained by the 123I-IMP-ARG method with those
obtained by the H2

15O PET method. In particular, the 2
values coincided strongly in the hypoperfusion areas. These
findings are noteworthy because correct quantification of
rCBF values in the ischemic territories is the greatest clin-
ical problem. On the other hand, the rCBF values obtained
by the 123I-IMP-ARG method were underestimated as rCBF
increased, which resulted in the slopes of the linear regres-
sion lines being significantly smaller than that of the identity
line. This may be due to errors in the SPECT reconstruction,
such as imperfect attenuation correction, scatter, and limited

spatial resolution of the scanner (partial-volume effect).
Another possible explanation for the systematic underesti-
mation at high flow may be due to the limited first-pass
extraction fraction of 123I-IMP in the brain (23). The use of
a fixed Vd may also be one of the reasons why the rCBF
values obtained by the 123I-IMP-ARG method were under-
estimated as rCBF increased. Because we performed coreg-
istration and anatomic standardization for each rCBF image,
and there was no significant difference in PaO2, PaCO2

, blood
pH, or mean blood pressure among each study, factors such
as misalignment of ROIs and physiologic change in rCBF
are unlikely to have contributed to the observed difference
in rCBF values between the 123I-IMP-ARG method and the
H2

15O PET method.
This study possesses several limitations regarding the

123I-IMP-ARG method. First, the method uses the same
standard arterial input function both at the resting state and
after acetazolamide administration instead of the measure-
ment of arterial radioactivity. Hauge et al. (24) examined
the pharmacologic effects on the cerebral and systemic
conditions of acetazolamide and concluded that cardiac
output and total peripheral resistance were unaltered during
acetazolamide loading. Takeuchi et al. (25) also monitored
cardiac output and systemic blood pressure during acetazol-
amide administration in healthy volunteers using an ultra-
sound Doppler system, with no significant changes ob-
served. Furthermore, Ogura et al. (15) compared the
percentage difference in the area under the curve of the
estimated from the real arterial input functions between the
resting and acetazolamide analyses of 19 cases. No signif-
icant difference in the area under the curve was observed
between the 2 study groups. The integration period was 40
min, and the standardized input function was calibrated
using a single sample at 10 min. Thus, arterial input after
acetazolamide administration could be regarded as being the
same as that at the resting state. Second, the Vd was as-
sumed to be the same value (35 mL/mL) at the resting state
and after acetazolamide administration. The mean Vd value
of 123I-IMP for the normal cortex is 37.5 � 3.6 mL/g and is
independent of age and sex (16). In addition, Toyoda et al.
(17) demonstrated that the optimal values for Vd at the
resting state and after acetazolamide administration were
both in the range of 30–35 mL/mL and the difference
between the values at the resting state and after acetazol-
amide administration was very small. Therefore, the Vd

could be set as the constant value of 35 mL/mL both at the
resting state and after acetazolamide administration.

CONCLUSION

The 123I-IMP-ARG method can be performed using con-
ventional SPECT scanners (12,14) and does not require
frequent arterial blood sampling. This allows the technique
to be used much more readily in assessing patients with
major cerebral artery occlusive disease in routine clinical
practice, although 123I-IMP is now unavailable in the West

FIGURE 4. Correlation of rCVR values calculated by 123I-IMP-
ARG method with those calculated by H2

15O PET method. Sig-
nificant correlation was observed between these 2 values. Plot
of relationship between these 2 values revealed 4 groups of
results: (a) those with reduced rCVR (true-positive; E); (b) those
that only H2

15O PET method identified as reduced rCVR (false-
negative; F); (c) those without reduced rCVR (true-negative; E);
and (d) those considered reduced rCVR only by 123I-IMP-ARG
method (false-positive; U). Dashed horizontal and vertical lines
denote mean � 2 SD of rCVR values obtained in healthy volun-
teers by 123I-IMP-ARG method and by H2

15O PET method, re-
spectively.
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because of the cost. Our study suggests that the ability of the
123I-IMP-ARG method to detect reduced rCVR is almost
identical to that of the H2

15O PET method and that the
subgroup of patients at increased risk for stroke recurrence
can be adequately defined by rCVR quantitatively measured
using the 123I-IMP-ARG method. Whether extracranial–in-
tracranial arterial bypass surgery, which improves impaired
cerebral hemodynamics (26,27), reduces the risk of stroke
in this subgroup remains unclear. Preoperative low rCVR
quantitatively obtained using SPECT has been shown to be
significantly associated with an increased risk of hyperper-
fusion syndrome after carotid endarterectomy (28,29). Stan-
dardization of hemodynamic compromise measurement and
further investigation to assess the usefulness of extracra-
nial–intracranial arterial bypass surgery or the risk of hy-
perperfusion syndrome after carotid endarterectomy would
be of great benefit.
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