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To test the feasibility of apptying N-isopropyl-['Zl]p-iodoamphet-
amine (IMP) for sequential measurements of regional cerebral
blood flow (rCBF) with injection of two separate doses in a single
procedure, kinetic analysis based on a two-compartment model
was done using dynamic SPECT data. A microsphere model
analysis without consideration of IMP washout from the brain
was also tested for clinical application. Methods: A dynamic
SPECT scan consisting of fifty 1-min scans was obtained on 15
patients using a three-head rotating gamma camera with two
separate doses of IMP (111 MBq each) at the beginning and 25
min after scan initiation. The reproducibility of two resting rCBF
scans was tested in six patients and the cerebrovascular re-
sponse shown by increased rCBF with acetazolamide (1 g) was
assessed in nine patients. Results: Two-compartment model
analysis showed excellent reproducibility of resting rCBF scans
and significantly different cerebrovascular reactivity to acetazo-
lamide between areas with and without ischemia. Microsphere
model analysis showed smaller values in the first rCBF image by
3% and in the second by 10%, resulting in lower values for
cerebrovascular reactivity. The difference in cerebrovascular re-
activity between ischemic and nonischemic areas, however, is
highly significant. Conclusion: The double-injection method for
IMP is feasible for two sequential rCBF measurements in a
single procedure and is applicable for acetazolamide challenge.
Simple microsphere model analysis, as well as a two-compart-
ment model analysis, provide reliable assessment for cerebro-
vascular reactivity despite the complex dynamics of IMP and are
feasible for clinical application.
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It is important to assess cerebral perfusion reserve in
patients with an occlusive disease of the major cerebral
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arteries to understand hemodynamic compromise and can-
didate selection for revascularization surgery (I-3). The
cerebral perfusion reserve, which consists of complex pa-
rameters, can be assessed by testing cerebral vasodilatory
capacity, or cerebral vascular reactivity, which is shown
by an increase of regional cerebral blood flow (rCBF) with
a cerebral vasodilative agent such as carbon dioxide or
acetazolamide (ACZ) (4-6).

SPECT with '*#*Xe is a well established method for rCBF
quantification which is feasible for repeated measurements
and sensitive enough to show a 30%-70% increase of rCBF
with 1 g ACZ in normal subjects or unaffected hemispheres
of a unilateral occlusive disease (7-11). Technetium-99m-
hexamethylpropyleneamine oxime (*Tc- HMPAO) is well
known for producing high quality SPECT images without a
specialized SPECT device. The nonlinear relationship be-
tween rCBF and *™Tc-HMPAO uptake, especially at high
blood flow rates, however, results in considerable underes-
timation of rCBF after ACZ challenge, showing an increase
of 10%-30% in normal or unaffected brain regions (12-14)
which may obscure the difference between normal and af-
fected regions.

N-isopropyl-['ZI]p-iodoamphetamine (['ZI]IMP) is a
potent cerebral perfusion tracer with high single-pass ex-
traction by the brain and good linearity between its uptake
and rCBF (15,16). Sequential measurements of rCBF by
[*Z1}IMP with a double-injection method in a single proce-
dure, if possible, seem to offer great advantages to SPECT
brain studies. The tracer dynamics of ['ZI]JIMP are, how-
ever, rather complex, showing continuous release of the
tracer from the lung reservoir to the bloodstream and grad-
ual washout from the brain, which preclude simple sub-
traction of the radioactivity due to the first dose from a
second such as *™Tc-HMPAO SPECT.

To evaluate the feasibility of ['>IJIMP SPECT thh a
double-injection method for sequential measurements of
rCBF in a single procedure, we performed a kinetic anal-
ysis based on a two-compartment model using dynamic
SPECT, taking into consideration IMP washout from the
brain. The analysis was done to test the reproducibility of
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two sequential rCBF measurements and to evaluate rCBF
change after ACZ challenge. We compared the results with
those calculated with a microsphere model that does not
consider IMP washout from the brain but is easy to per-
form in the clinical setting. The cerebrovascular response
(or rCBF change) to an ACZ challenge was also assessed
from semiquantitative analysis of tissue radioactivity
change.

METHODS

Patients

Two sequential measurements of rCBF using ['ZIJIMP and
SPECT with a double-injection method in a single procedure were
performed on 15 patients. Six of them (mean age 61.3 yr), includ-
ing four with an occlusive disease of the cerebral major arteries
and two with suspected cerebrovascular disease later proven to be
normal, were studied without ACZ challenge to assess the repro-
ducibility of two sequential rCBF measurements. Cerebrovascu-
lar reactivity (or response) was assessed by measuring rCBF
before and after an intravenous administration of ACZ (1 g) in nine
patients (mean age 40.2 yr), including four with moyamoya dis-
ease, two with an occlusive disease of a unilateral internal carotid
artery, two with an arteriovenous malformation and one with a
brain tumor.

Data Acquisition

SPECT images were acquired with a three-headed rotating
gamma camera (PRISM 3000, Picker International, Inc., Bedford
Heights, OH) equipped with low-energy, high-resolution, fan-
beam collimators that provide a spatial resolution of 8.0 mm
FWHM at the center of the field of view with a sensitivity of 135
cps/MBq. The patient’s head was placed in a semicylindrical
headholder lined with a rubber sponge to prevent motion during
the study. Data acquisition was performed in a continuous rota-
tion mode with 40 steps in 120° and 1.5 sec/step, which translates
into 1 min for one SPECT dataset. Clockwise and counterclock-
wise rotations for 120° were alternately carried out for 50 min, and
50 sequential 1-min SPECT datasets were obtained. To compen-
sate for increased tracer concentration in the brain during a rota-
tion, two or four sequential SPECT datasets were added for image
reconstruction.

Two doses of 111 MBq ['IJIMP were administered intrave-
nously for 1 min at a constant rate with an infusion pump, one at
the beginning and the other at 25 min after scan initiation. An
arterial input function was obtained for each patient. Twenty-
seven arterial blood samples were drawn from a small catheter
placed on the brachial artery, initially every 15 sec and at gradu-
ally prolonged intervals for 20 min after each dose of ['ZIJIMP.
The concentration of unmetabolized ['2I]JIMP was determined in
12 of the 27 samples by extraction with octanol for each dose. In
nine patients, ACZ (1 g) was slowly administered intravenously
for 1 min, starting 13 min after scan initiation. The time schedule
for the whole procedure was summarized in Figure 1. All patients
received potassium iodide (30 mg/day) for 4 days starting the day
before the study to avoid the uptake of free radioactive iodine by
the thyroid.

All SPECT images were reconstructed using a filtered back-
projection algorithm with a ramp filter after prefiltering with a
Butterworth filter (cutoff frequency of 0.25 and order 4). Attenu-
ation correction was performed using Chang’s method, assuming
that the head is an ellipsoid shape with a uniform attenuation
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FIGURE 1. Typical time-activity curve of the brain in the double-
injection method. The basic concept for the analysis is shown with
the time course of the whole procedure (50 min) in the lower part of
the figure. Ao = IMP concentration in the brain at the end of the first
measurement; k = rate constant for washout from the brain to the
blood; Cb(t) = IMP concentration in the brain for the second mea-
surement; and CB(t) = total IMP concentration in the brain.

coefficient of 0.06/cm. For quantification of rCBF, cross-calibra-
tion between the SPECT scanner and the well counter was per-
formed by scanning a 16-cm diameter cylindrical phantom con-
taining '?I solution of known concentration. Linearity between
SPECT values and concentrations of the > solution was con-
firmed using a 20-cm diameter cylindrical phantom containing six
pie-shaped compartments with different concentrations of the '2I
solution.

Kinetic Model and Data Manipulation

We used a two-compartment model for the tracer kinetics of
['2I]IMP in the brain as previously reported (17). Figure 1 shows
a typical time-activity curve of the brain with two separate doses
of ["2IJIMP according to the protocol of this study. The first rTCBF
(rCBF,,,) is estimated by a least-squares curve fitting procedure
based on the two-compartment model expressed by the following
differential equation:

dGy(t)/dt = rCBF,q E Cy(t) — kg Gy(t), Eg.1

where C,(t) denotes a lipophilic tracer in the arterial blood, C,(t)
is a tracer concentration in the brain, E is a single-pass extraction
which is assumed as complete (E = 1) in this study, and k,,, is a
washout rate constant from the brain to the blood for the first
measurement. For the estimation of the second rCBF (rCBF,,,),
cerebral radioactivity due to the first dose should be subtracted
from the total cerebral radioactivity. During the second measure-
ment, a lipophilic tracer measured in the arterial blood is from
both the first and the second dose which we cannot separate from
each other. Because the rCBF and washout rate has already been
altered, it is reasonable to consider that after arterial lipophilic
tracer totally contributes to the second measurement of rCBF
after the second ['ZI)IMP administration, and the cerebral accu-
mulation of ['ZI}JIMP due to the first dose up to the time of the
second injection is washed out according to the washout rate of
the second situation (k,,4). Therefore, tracer accumulation for the
second measurement in the brain after the second dose, C,(t), is:

Go(t) = Ca(t) — Ag exp( — kond(t — 25)), Eq.2
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FIGURE 2. Schematic description for the microsphere model
analysis. The second rCBF was calculated with simple subtraction of
radioactivity from the first dose without considering the effect of
washout. The time of the procedure is shown in the lower part of the
figure. (1) = SPECT scan for the first rtCBF; (2) = SPECT scan for
the second rCBF; and (Ao) = SPECT scan just before the second
dose.

where Cg(t) is total cerebral radioactivity of ['2IJIMP in the brain
and A, is the cerebral radioactivity due to the first dose just prior
to administration of the second dose. Therefore, rCBF,,, and k,,4
can be also estimated based on the following after substituting
Equation 2 to Equation 1 and integrating both sides:

Ca(t) — Ag exp( = Kang(t — 25)) = rCBFnq I t Ci(u)du
2

K J' (Ca(u) = Ag Xp( — kgl — 25))du. Eq. 3
25

The reproducibility and the response to ACZ is expressed as the
percent change between the first and the second rCBF:

% rCBF change = 10(rCBF 4 — rCBF ;4 )/fCBF .

Dynamic SPECT consisted of five 2-min SPECT scans for the
first 10 min and three 4-min SPECT scans in each subsequent
measurement. Because rCBF estimation largely depends on the
early portion of the brain time-activity curve, we considered the
effect of ACZ on the first measurement to be small and almost
constant on the second.

The rCBF and percent rCBF change were also calculated based
on the microsphere model (16), which does not take into consid-

eration ['ZI]JIMP washout from the brain and is more easily ap-
plicable in a clinical setting. In this study, we evaluated a simple
method for calculating the second rCBF by subtracting the radio-
activity of first dose without considering washout effects (Fig. 2).
For these measurements, SPECT data at 5 min after each injec-
tion of ['2IJIMP, which consisted of 4-min data, were used with
a reference input function calculated by integrating an arterial
input curve over 5 min. The simplest method to assess cerebro-
vascular reactivity without quantification using arterial sampling
data also was evaluated. This method was based on the percent
change of radioactivity (adjusted by injected dose) in each ROI
between two measurements with simple subtraction without con-
sideration of washout. We used the same radioactivity data as in
the microsphere model analysis.

Data Analysis

Four large regions of interest (ROISs) ranging in size from 10 to
15 cm? were drawn freehand on the frontal and parietal lobes
bilaterally in each case. These ROIs were placed on the cortices
without cerebral infarction by referring to x-ray CT and/or MR
images. In one patient without ACZ challenge who had a large
cerebral infarction, we placed two ROIs on the unilateral frontal
and parietal lobes without infarction. The reproducibility of two
sequential rCBF's was assessed in six patients without ACZ chal-
lenge. The response to ACZ was assessed in nine patients. In the
analysis of ACZ response, ROIs were classified into ischemic and
nonischemic groups which were defined according to angio-
graphic findings, whether or not there was severe stenosis or
occlusion in major cerebral arteries perfusing the region and filling
delay of the peripheral circulation without sufficient collateral
vessels.

Statistical analysis was performed by a paired t-test for data
with repeated measurements. Comparisons between ischemic and
nonischemic groups were made by an independent t-test. Effects
of multiple comparisons were corrected by the Bonferroni
method. Regression analysis was also performed between two
measurements and between two methods.

RESULTS

Two-compartment model analysis revealed good repro-
ducibility of the two sequential rCBF measurements with
38.7 = 5.4 (mean * s.d.) ml/100 g/min for the first and 38.1
+ 6.3 ml/100 g/min for the second (Table 1). There was no
difference in the washout rate between the two measure-
ments. The response to ACZ was good in nonischemic
areas with a 59.5%. =+ 11.6% increase but was poor in
ischemic areas with 12.4% * 16.2% increase (Table 2),

TABLE 1
The Reproducibility of Measured rCBF and Washout Rate [n = 6 (22 ROIs)]
First measurement Second measurement % rCBF
Parameter rCBF Washout rate rCBF Washout rate change
Two-compartment model 38.7 +54* 0.011 = 0.003* 38.1 +6.3* 0.011 + 0.003* -16+54
Microsphere model 375 53" — 344 511 — -88+47
*Without significant difference.
TWith significant difference (p < 0.01).
rCBF: ml/100g/min. Washout rate: 1/min. Values are mean + s.d.
Double-Injection rCBF Measurement by IMP ¢ Nishizawa et al. 1341



TABLE 2
Response to Acetazolamide Challenge (n = 9)

First measurement

Second measurement

%, rCBF
Parameter rCBF Washout rate rCBF Washout rate change
Two-compartment model
lschemic (15 ROIs) 41.1 + 85 0.012 + 0.004 46.1 = 11.1** 0.015 + 0.005* 124 = 16.2*
Nonischemic (21 ROIs) 424 + 78" 0.010 + 0.0047 62.7 + 10.0** 0.020 + 0.003** 595+ 11.6*
Microsphere model
Ischemic (15 ROIs) 399 = 8.1 — 404 = 9.1* — i1+x118*
Nonischemic (21 ROIs) 408 + 6.9' — 57.8 + 8.3* — 474 = W2*

*Significant difference between ischemic and nonischemic areas (p < 0.01).
*Significant difference between first and second measurement (p < 0.01).
rCBF = mi/100g/min. Washout rate = 1/min. Values are for mean + s.d.

whereas both increases were significant (p < 0.01), and a
significant difference was also seen between them (p <
0.01). Although a positive correlation was observed be-
tween rCBF and the washout rate (Fig. 3A), no difference
was demonstrated in both resting rCBF and the washout
rate in ischemic and nonischemic areas (Table 2, Fig. 3B).

Compared to the results of the kinetic analysis, micro-
sphere model analysis showed lower values for the first
rCBF measurement by about 3% and by about 10% for the
second in patients with and without ACZ challenge. A
linear relationship with a high correlation coefficient was
demonstrated between rCBF measurements by both meth-
ods (Fig. 4). Although the response by the microsphere
model analysis was somewhat small compared to the two-
compartment model analysis (Table 2), the relationship
between them was linear with a high correlation coefficient
(Fig. 5). The difference between ischemic and nonischemic
groups was also significant (p < 0.01).

The response calculated from the change in radioactivity
in each ROI also showed a linear relationship to two-
compartment model analysis results (Fig. 6), and a signif-
icant difference was seen between ischemic and non-

ischemic groups (18.5 * 12.3 and 66.6 + 13.6, respectively,
p < 0.01). :

DISCUSSION

By assessing rCBF alteration after a chemical or stress
test compared with a resting test, one can potentially en-
hance the detection of mild or latent abnormalities of ce-
rebral perfusion or metabolism (18-21). An ACZ challenge
is one of the most popular tests for assessing cerebral
perfusion reserve. ACZ induces cerebral vasodilatation
within several minutes after an intravenous injection and
the resultant augmentation of rCBF represents cerebral
vasodilatory capacity. For precise assessment of rCBF
change, the study should be performed in succession dur-
ing a single procedure to ensure baseline rCBF stability
and reproducibility of the measurement without movement
of the patient’s head. Quantitative assessment is also re-
quired, especially for patients with bilateral or severe he-
modynamic compromise, because bilateral decrease of the
response may obscure abnormalities if analyzed qualita-
tively.

0.03
A y= - 1.80e-3 +3.21e-2x r=0.821
g
< 0024
3
2
]
2
% oo
3
0.00 v v v -+
00 02 04 06 08 1.0
rCBF (mV/g/min)

100 7%
B 0
.
8 801 © non-ischemic
] . + ischemic
‘é 60 4 .,
3 N
.
B s« *t P ‘e ' 4
E :..'{"" ..... o°
8 TN R .
201 -
0 v v v
0.2 0.4 0.6 0.8 1.0
rCBF (ml/g/min)

FIGURE 3. (A) Relationships between rCBF and washout rate and (B) rCBF and partition coefficient. A positive correlation is seen
between rCBF and washout rate. The partition coefficient is almost constant regardiess of rCBF, although considerable variations are at low
blood flow rates for the ischemic and nonischemic regions, which seem to be due to the error caused by low radioactivity at the low flow rate.

1342

The Joumal of Nuclear Medicine ¢ Vol. 36 ® No. 7 ¢ July 1995



First measurement

70 ~
] y=193+40920x r=0992 .°
" .g 607 '/'
. - o -g _ //
o= gwq ’c'
. ]
A
. ~ b
] H z.
[eH St o 304
-]
LI A —
20 0 4 50 0 70
rCBF by two-compartment model

(ml/100g/min)

Second measurement
100 ’
e I
® y=309+0812x r=099%4 .°
a n- l"'
'l
g ~ I’l
'§' g /e
- l" L
B S 60 ’I' °
B3
z‘ 40 1 l”'
[ -
g LA
20 v T ™—
20 ) 60 % 100
rCBF by two-compartment model
(ml/100g/min)

FIGURE 4. Relationship between rCBF estimated by

two-compartment
relationship with a high correlation coefficient is observed in the first (left) and second (right)

model analysis and microsphere model analysis. A linear
measurements. Microsphere model analysis

yields smaller values for rCBF than two-compartment model analysis and the slope is steeper in the first measurement than in the second
because the washout effect was neglected. The dotted line denotes the line of identity.

Iodine-123-IMP is a well established radiopharmaceuti-
cal for cerebral perfusion SPECT imaging with high single-
pass extraction and excellent linearity between tracer up-
take in the brain and rCBF with possible quantification of
rCBF (16,17,23,24). In an attempt to obtain two rCBF
measurements under different conditions, however, the
rCBF studies were performed on separate days because of
the complex dynamics of ['ZIJIMP (25,26). Hashikawa et
al. (27) used a microsphere model to show that a separate
dose method of ['2IJIMP with subtraction of estimated
radioactivity of the first dose permitted good reproducibil-
ity for sequential rCBF measurements and reasonable es-
timation of response to ACZ (27).

In this study, we analyzed the dynamics of two separate
doses of ['*I]IMP based on a two-compartment model to
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FIGURE 5. Relationship between two-compartment model analy-
sis and microsphere model analysis. Cerebrovascular response to
acetazolamide expressed by the percent increase of rCBF is esti-
mated to be less by the microsphere model analysis than by the
two-compartment model analysis. The dotted line is the line of
identity.
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determine two sequential rCBF measurements. A two-
compartment model was initially described by Kuhl et al.
(16), although they calculated rCBF in humans with a
microsphere model using early SPECT data because of
negligible washout in the initial phase. In previous studies
reasonable estimation of rCBF was made by dynamic
SPECT with two-compartment model analysis compared
to rCBF measured by '°0 and PET (24) or calculated by
the microsphere model at 5 min postinjection (17). In our
attempt for sequential measurements of rCBF in a single
procedure, the reproducibility of sequential rCBFs was
excellent with a two-comapartment model analysis and was
comparable to that by **Xe and SPECT or 0 and PET
(28-30). In addition, the response to ACZ in nonischemic
areas was also as good as that in normal or nonaffected
brain assessed by '**Xe and SPECT.
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FIGURE 6. Relationship between two-compartment analysis and
radioactivity change analysis. Response calculated by radioactivity
change shows a good linear relationship with two-compartment
model analysis. The piots show larger variation compared to Figure
5. The dotted line is the line of identity.
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FIGURE 7. Effects of scan duration on rCBF and washout rate.
The data were obtained from the dynamic SPECT for 50 min with a
single dose of IMP in five patients. The rCBF on dynamic SPECT
scans as short as 10 min is stable, whereas washout rate becomes
unstable if the scan is shorter than 20 min.

In the two-compartment model analysis, the effect of
ACZ on the estimation of the first rCBF measurement was
considered because ACZ was administered during the first
measurement with a 1-min slow infusion started 13 min into
the procedure. Our protocol for the reconstruction of dy-
namic SPECT data suggests that the last SPECT data ob-
tained at 20 min would be affected. The estimation of
rCBF, however, largely depends on the early part of the
time-activity curve of the brain. The late part would affect
the washout estimate (Fig. 7). The duration of data acqui-
sition has almost no effect on rCBF for short scans of up to
10 min, whereas the washout rate may be affected for
durations shorter than 20 min. In fact, for the first mea-
surement, rCBF by the two-compartment model analysis
was comparable to rCBF by the microsphere model anal-
ysis, which was calculated with the data obtained before
ACZ administration and thus was not influenced by ACZ.
A 3% difference between rCBF measurements by these
two analyses in the patients with ACZ were the same as
those in the patients without ACZ. Therefore, the rCBF
estimation with two-compartment model analysis is not so
sensitive to alterations of real rCBF during the later mea-
surement, and the effect of ACZ is negligible. For the
second rCBF measurement, almost maximal effect of
ACZ, which is reported to be achieved 10-25 min after
administration, seems to be exactly reflected on the esti-
mated values in this study with a 60% increase from the
resting values in unaffected cerebral cortices, which is
comparable to those obtained by **Xe-SPECT (7,9,11).

For the calculation of the second rCBF with the micro-
sphere model analysis, we applied simple subtraction of
radioactivity from the first dose without considering wash-
out because it is easier in clinical applications. Therefore,
compared to two-compartment model analysis, this
method showed a lower value for the second rCBF than
the first, resulting in a lower value for ACZ response in
both ischemic and nonischemic regions. A significant dif-
ference was seen between these regions, however, and the
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FIGURE 8. Washout corection for radioactivity from the first
dose with a constant value in the microsphere model analysis. The
mean value of the ratio of rCBF-to-washout rate was used as the
constant value for the correction. After correction, both plots from
the first and the second measurements are on the same regression
line with an excellent correlation coefficient.

method seemed to be useful for identifying hemodynami-
cally compromised brain regions. Semiquantitative analy-
sis from the radioactivity data, compared to the two-com-
partment model and microsphere model analyses, showed
a greater response with larger variation among patients
because the input function, which differed among subjects
and was larger for the second measurement dose was ne-
glected. Discrimination between the ischemic and nonis-
chemic regions, however, was possible with this method
and is easily applicable even for a screening test.

In this study, a positive correlation was seen between
rCBF and washout rate. Therefore, the ratio of rCBF-to-
washout rate (or partition coefficient) was almost constant
for all conditions with a mean value of 39.1 ml/g. In the
previous report, we showed differences in the partition
coefficient among normal and diseased regions, including
noninfarcted ischemic regions (/7). This seems to be
caused by differences in the study population. Compared
to the previous study, rCBF was well preserved in the
ischemic regions in this study. In the microsphere model
analysis, the mean value of the partition coefficient can be
used to correct washout of radioactivity from the first dose.
By using this constant value for all regions, microsphere
model analysis yielded more precise calculation of both the
second and first rCBF measurement and the response to
ACZ (62.0 = 9.3 ml/100 g/min and 52.5% =+ 10.3% for
nonischemic areas, and 43.3 + 10.3 ml/100 g/min and 8.5%
+ 12.9% for the ischemic areas, respectively) (Fig. 8).

CONCLUSION

The double-injection method for ['ZI]IMP analyzed by a
two-compartment model yielded good reproducibility of
sequential r*CBF measurement, and was sensitive enough
to assess rCBF change after ACZ challenge. A simple
microsphere model analysis without consideration of
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washout is also a reliable way-to assess cerebrovascular
response.despite the complex dxna:mcs of ['ZIJIMP. With-
out quantification, an analysis with radioactivity change
also offers reasonablz estimation: 1o ACZ response and can
be used as « screening procedure.
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