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lodine-123-iodoamphetamine (IMP) is commonly used as a flow
tracer for SPECT due to its large first-pass extraction fraction.
Significant clearance from the brain, however, causes changes
in distribution and underestimation of CBF values when a con-
ventional microsphere model is applied to prolonged data acqui-
sition. We have developed a rapid method to caiculate CBF
images in which clearance effects are taken into account.
Methods: A dynamic SPECT scan was obtained from five sub-
jects (four patients with cerebral infarctions and one healthy
volunteer) following intravenous injection of IMP lasting 1 min.
The arterial input function was obtained by frequent blood sam-
pling and measurement of the octanol extraction ratio. The dy-
namic images were weighted and integrated so that the look-up
table procedures yielded values of CBF and distribution volume
(V) simultaneously. Resuits: Calculated values for CBF and V4
were consistent with those determined by nonlinear least
squares fitting [CBF: Y = 1.03X — 0.30 (mi/100 mi/min), r =
0.998, p < 0.001; V,: Y = 0.99X — 0.11 (mUml), r = 0.99, p <
0.001) and calculated CBF correlated significantly with CBF
measured by PET [Y = 0.85X — 0.15 (m{/100 mi/min), r = 0.92,
p < 0.001]. Conclusion: This technique is valid for estimating
CBF.
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Iodine-123-N-isopropyl-p-iodoamphetamine (IMP) has
been used as a cerebral blood flow (CBF) tracer for SPECT
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due to its large first-pass extraction fraction and high affin-
ity for the brain (1,2). The original method developed to
measure CBF was based on a microsphere model (3).
Several investigators have subsequently demonstrated,
however, that significant clearance from the brain causes
changes in the IMP distribution (4,5) and underestimation
of CBF values, particularly with a prolonged scan initiation
(6-8).

Although a two-compartment model has been suggested,
it is not conventional because it requires a nonlinear least
squares fitting technique which needs a great deal of time
for calculation and is not suitable for calculating CBF on a
pixel-by-pixel basis. Alpert et al. developed an alternative
approach of analyzing dynamic emission and input func-
tion datasets (9). This entails weighting and integrating the
original tissue image data to linearize the model equation
defined by the two-compartment model (10-14) followed
by rapid generation of functional values for CBF and dis-
tribution volume with look-up table procedures. The pur-
pose of the present study was to develop a technique for
rapid calculation of CBF and distribution volume for IMP
using a two-compartment model and a weighted integration
technique linked with a look-up table procedure.

MATERIALS AND METHODS
Theory

A two-compartment model (Fig. 1) was used to analyze IMP
kinetics in the brain as previously reported (6,7):

dGy(t
0K GOk GO,
t
where C(t) is the concentration of radioactivity in the brain; C,(t)
is the arterial input function; K, is the influx rate constant (ml/ml/
min); and k, is the efflux rate constant (1/min). In this study, we
assumed the first-pass extraction fraction of IMP (E) to be unity
(1,2) and therefore K, equals CBF.
The ratio of K, to k, is called the distribution volume of IMP in

Eq. 1
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FIGURE 1. A schematic of
IMP kinetics in the brain. k, and
K, denote influx and effiux rate
constants, . CBF -
corresponds to K, and the dis-
tribution volume (V4 corre-
sponds to the ratio of K,/K,.
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the brain (V4 (ml/ml)). The V, is proportional to the brain-blood
partition coefficient of IMP, affected by the systematic underes-
timation of radioactivity concentration due to the limited spatial
resolution of the SPECT scanner (15).

Solving Equation 1 provides:

Gt =K; G(t) ® e, Eq.2

where ® denotes the convolution integral.
Multiplying by two independent weight functions and integrat-
ing for a time period [0, T] yields the following two equations:
Jq Wi(t) - Cyt) dt =K, J—r Wit) Cy(t) ® e~ k"t dt,
0 0
Eq. 3a

r W) Gt dt =K, - r Wy)- C,0) ® e~ dt,
0 0
Eq. 3b

where the integration interval was 1 sec. W,(t) and W,(t) are
independent weight functions. In this study, the following two
weight functions were used as suggested by Alpert et al. (9):

Wit) =1, Wyt)=t,

where W,(t) i.e., t, corresponds the mean time of the integration
time interval. Calculating the ratio of Equation 3A to 3B gives:

r Wit G0 at r Wi G(t) ® e dt
0 o

= Eq. 4
JTWz(t)'Cb(l) dt JTWz(t)°C.(t) ® e ktdt
0 0

For a given input function, C,(t), the ratio of integrals on the
right side of Equation 4 can be considered to tabulate as a function
of k,. Then, for a given ratio of integrals of the tissue concentra-
tions, a look-up table procedure provides a corresponding k,
value. By inserting this k, value into Equation 3A or 3B, a K,
value that corresponds to CBF can be calculated (9).

Subjects

Studies were performed on five subjects, including four pa-
tients with cerebral infarction and one healthy volunteer (age 62.4
+ 21.2 yr; mean * s.d.) (Table 1). Informed consent was obtained
from all subjects. The project was approved by the PET Research
Committee.

SPECT

Dynamic SPECT imaging was initiated after intravenous injec-
tion of 222 MBq of IMP for 1 min. The dynamic scan sequence
consisted of ten 2-min scans, ten 4-min scans and three 10-min
scans. The arterial input function was measured by frequent blood
sampling from the radial artery and by determining radioactivity
concentrations of octanol-extracted components. Arterial blood
gas analyses were performed at 5 min, 10 min, 20 min and 60 min
after initiation of the SPECT scan (Table 1). The SPECT scanner
used was a HEADTOME-II (Shimadzu Corp. Kyoto, Japan) (16),
which has three detector rings with 64 Nal rectangular detectors.
In-plane resolution was 12 mm FWHM, and the slice thickness
was 17 mm FWHM at the center of the field of view. Image slices
were obtained at 7, 42 and 77 mm above the orbito-meatal (OM)
line. Attenuation correction was made numerically by assuming
the object shape to be an ellipse and the attenuation coefficient to
be uniform. A cross-calibration scan was obtained using a 16-cm
inner diameter cylindrical uniform phantom for calibrating sensi-
tivity between the SPECT scanner and the well counter system.

PET

PET studies were performed for all subjects on the same day as
the SPECT studies. As with the SPECT study, image slices were
parallel to the OM line. The PET scanner used was a HEAD-

TABLE 1
Subject Profiles
Subject __PaCO, (mmHg)
no. Age Sex Diagnosis Heart disease Smoking SPECT PET*
1 63 M Chronic cerebral infarction None + 403 40.7
2 7 M Acute cerebral infarction None + 384 394
3 74 F Acute cerebral infarction MR*, chronic heart failure - 39.7 371
4 70 M Chronic cerebral infarction None + 405 40.1
5 26 M Healthy volunteer None + 422 429
*MR; mitral regurgitation.
tAverage of four measurements.
*Average of two measurements.

No subject had lung disease.
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(Subject 4). The two CBF images are similar, and low V4 values are observed in the infarcted region in the left posterior cerebral artery
territory. A discrepancy between the CBF and V, result is observed around the region, i.e., the size of the defect is smaller in the V,, case.
(B) Images obtained by adding frames of IMP dynamic SPECT for a patient with chronic cerebral infarction. The early image (0—14 min)
agrees well with the CBF image technique, and a delay in scanning is associated with a distribution closer to the V,, image (Fig. 2A). (C) An
x-ray CT image from the same patient. A low density area, i.e., the infarcted region, is observed in the left posterior cerebral artery teritory.

TOME-1V (Shimadzu Corp. Kyoto, Japan) (17), which provides
14-slice images. In-plane resolution was 8 mm FWHM, and the
slice thickness was 9 mm FWHM at the center of the field of view.
Following bolus intravenous injection of 555 MBq of '*O-water, a
90-sec scan was obtained. The arterial input function was deter-
mined by continuous measurement of whole blood radioactivity
using a beta probe. Delay and dispersion occurring in the beta
detector system and in the internal-arterial line were corrected
according to a previously reported method (18 19). The CBF
images were calculated autoradiographically (20-23). In addition,
two blood samples were taken at the beginning and at the end of
scanning to measure arterial CO, gaseous pressure (Table 1).

Image Analysis

All reconstructed images were transferred to a UNIX work-
station (TITAN-750, Kubota Computer Corp., Yamanashi, Ja-
pan) for further analysis. Regions of interest (ROIs) were located
in the cerebellum and cerebral cortex, including territories of the
anterior cerebral artery, middle cerebral artery anterior trunk,
middle cerebral artery middle trunk, middle cerebral artery pos-
terior trunk and posterior cerebral artery. ROIs were circles with
a 32 mm diameter for the cerebellum and ellipses with a short-axis
of 16 mm and long-axes of 16-64 mm for the cerebral cortex.
ROIs were also located on the PET images using the same criteria.

RESULTS

The time taken to calculate one slice functional images
by the present technique was about 3 min when the inte-
gration interval was 1 sec. This calculation speed is about
ten times faster than that with conventional analysis, i.e., a
nonlinear least squares fitting technique.

Figure 2A shows typical examples of CBF and V, im-
ages calculated by the present technique with IMP-SPECT
for a patient with chronic cerebral infarction (Subject 4,
Table 1). Regional distribution of CBF calculated by the
present technique proved similar to that from the PET
technique, with nonuniform V, values in the brain. It can
be seen that the early image (0-14 min) is in good agree-
ment with the CBF image, and that later images come
closer to the V, image (Fig. 2B). Low V, values were
observed in infarcted regions as determined by x-ray CT
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images (Fig. 2C), and defect sizes in V4 were found to be
smaller than for CBF and were consistent with sizes of
infarcted regions on x-ray CT images.

Figure 3 summarizes results for the correlation between
CBF values obtained by PET and those gained by the
present technique using IMP. A good correlation was ob-
tained (Y = 0.85X - 0.15 (ml/100ml/min), r = 0.92, p <
0.001).

CBF values evaluated by the IMP technique were consis-
tent with those from the nonlinear least squares fitting (24)
for the IMP dynamic SPECT data (Fig. 4) (Y = 1.03X — 0.30
(ml/100ml/min), r = 0.998, p < 0.001). V4 values evaluated
by the present technique using IMP were also consistent with

70
Y=0.85X-0.15

60 | r=0.92 (n=60, p<0.001)
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FIGURE 3. Cormelation between CBF values obtained by the
150-water PET and present techniques. A good correlation is ob-
served between the two methods.
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FIGURE 4. Cormelation between CBF values evaluated by non-
linear least squares fitting using dynamic SPECT data and those

generated by the present technique. The data are very consistent for
the two methods.

those generated by the nonlinear least-squares fitting tech-
nique for the IMP dynamic SPECT data (Fig. 5) (Y = 0.99X
+ 0.11 (ml/ml), r = 0.99, p < 0.001).

Figure 6 shows a comparison of V4 values in x-ray CT
images of normal density regions (V4 = 30.3 + 8.19 (mV/
ml)) with those in infarcted regions (V4 = 14.1 = 4.16
(ml/ml)), V, being significantly reduced in the latter (p <
0.001).

DISCUSSION

Technique Validation

The early IMP-SPECT scan images are similar to the
CBF images; they later became similar to the V4 images
(Fig. 2A, 2B). It has been reported that prolonged SPECT
scan initiation causes underestimation of CBF values cal-
culated by microsphere model analysis (7,8). These data
clearly indicate significant clearance of IMP from the brain,
therefore requiring use of a two-compartment model. Such
two-compartment model analysis for IMP kinetics in the
brain has actually been reported by several investigators
(6-8).

A combined weighted integration and look-up table pro-
cedure was earlier described for rapid calculation of CBF
images with >O-water PET (9). The present study con-
firmed that the calculation speed is sufficiently fast for
generation of functional maps of CBF and V, the gained
values being consistent with those from the nonlinear least
squares fitting using IMP dynamic SPECT. This adds sup-
port to the applicability of weighted integration and look-up
table procedures for analysis of IMP kinetics in the brain,
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FIGURE 5. Corelation between V, values evaluated by the non-
linear least-squares fitting technique using the dynamic SPECT data

and those generated by the present technique. The data are con-
sistent for the two methods.

which is more advantageous than time-consuming conven-
tional analysis techniques, i.e., nonlinear least squares fit-
ting.

Systematic underestimation of CBF values, as com-
pared with the PET technique (Fig. 3), is probably due to
the poorer spatial resolution of SPECT. Another reason is
the limited first-pass across the capillary membrane. Val-
ues for the first-pass extraction fraction of IMP were pre-
viously reported as 0.92-0.74 for a CBF range of 33.0-66.0
ml/100 g/min (3), 0.90-0.89 for a CBF range of 54.0-56.0
ml/100 g/min (25) and 0.85 for a CBF of 50.0 m}/100 g/min
(26).

Distribution Volume of IMP

Distribution volume of IMP (V,) was not found to be
uniform in the brain (Fig. 2A). One reason for this might be
that the physiological brain-blood partition coefficient of
IMP is not a constant. Another possibility is that the frac-
tion of the brain tissue mass per given ROI demonstrated
variation due to the limited spatial resolution of the SPECT
scanner.

Lear et al. reported that the distribution volume of IMP
is an indicator of IMP retention in the brain (27), although
the physiological background remains to be clearly ex-
plained. There have been several reports concerning the

normal regions : n=51
infarcted regions : n=5

p<0.001
e a———n

mean + S.D,

Distribution volume
(mVml)

infarcted

regions

normal
regions

FIGURE 6. Comparison of V4 values in normal regions with those
in infarcted regions, as determined by x-ray CT. The difference is
highly significant.
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significance of IMP accumulation in the brain, indicating
the involvement of amine metabolism (2), oxygen metab-
olism (28) or functions other than cerebral blood flow (25).
In this study, significantly lowered V, values were ob-
served in regions determined to be infarcted by x-ray CT
(Fig. 6). It should be noted that a discrepancy was ob-
served between CBF and V, around infarcted cerebral
regions, i.e., defects in V4 were smaller than in CBF (Fig.
2A), but were consistent with the sizes of infarcted regions
on x-ray CT images (Fig. 2C). It was previously reported
that IMP hypofixation of the peri-infarct area appearing as
normal density on x-ray CT was observed on the early
image and had disappeared on delayed image (29,30). In
this study, it was also observed that the early image was in
good agreement with the CBF image, and that later images
become closer to the V, image (Fig. 2B).

It has been reported that IMP is metabolized to lipophilic
and water-soluble metabolites, i.e., p-iodoamphetamine
(PIA) and p-iodobenzoic acid (PIB), respectively, in the
brain and other organs (31). The water-soluble metabolite
cannot be transported across the intact blood-brain barrier.
On the other hand, it has also been reported that PIA
kinetics are not significantly different from those of IMP
(32). Therefore the radioactivity of plasma octanol ex-
tracted components in this study, including IMP and PIA,
was used as an arterial input function. Matsuda et al. (33)
reported that PIA was the only metabolite observed in
acute ischemic brain. In some pathological conditions,
however, in which the blood-brain barrier is destructed,
e.g., subacute ischemic brain, water-soluble metabolites
(PIB) may be transported across the blood-brain barrier
and modify IMP distribution in the brain (30,33). Further
studies are required to clarify the significance of IMP dis-
tribution in the brain, especially in pathological conditions.

CONCLUSION

The present approach to calculating functional maps for
CBF and V, using weighted integration and look-up table
procedures required about 3 min to calculate one CBF
image slice. If the weighted integration process could be
simultaneously performed with SPECT data acquisition
using an electronic circuit, dynamic SPECT imaging need-
ing larger memory capacity could be discontinued and a
more rapid calculation of CBF would be possible (34).
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I doubt that many battles have been won with the slogans “the future is bleak” and “the

outlook is grim.” This should not be construed, however, to suggest that all that is needed is a
winning slogan. A program must be consistent with the available resources. It must support the
belief that the battle can be won, even if resources are limited. Mutual respect, credibility and
integrity in responding to queries about the availability of resources would be more effective
toward making the lonely soldier standing guard in the cold night believe that the dawn will
come, bringing with it the warmth and light of the sun.
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