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Summary. The microsphere model and the continuous
withdrawal of arterial blood have been commonly used
in clinical studies when measuring regional cerebral
blood flow (rCBF) by N-isopropyl-p- [123I]iodoampheta
mine (IMP) SPECT. The method is considered to under
estimate rCBF because of the washout of the tracer
from brain tissue with increasing time after injection;
however, the extent of this underestimation is not
known. To assess whether this underestimation can be
quantitatively determined and until how long after
injection the microsphere model can be applied to
obtain accurate measurements of rCBF, we performed a
simulation analysis. Simulation was based on the micro
sphere model and the 2-compartment model using the
standard time-activity course of 123I_IMP in arterial
blood (standard input function), the accuracy of which
could be validated. The values of rCBF calculated by the
microsphere method following the injection of 123I_IMP
were compared with those given in the 2-compartment
model [influx; K1(rCBF) and outflux; k2 (washout)]. As
results, with the microsphere method, rCBF values
became lower with the time after injection. The rate of
underestimation of rCBF was determined to be 4.6% at
5 min, 10.2% at 10 min and 15.1% at 15 min. Since 4.6%
is considered negligible in clinical studies, we concluded
that the microsphere model could be applied to obtain
accurate measurements of rCBF up to approximately 5
min, regardless of washout. The results of this simula
tion were confirmed clinically in 11 patients with vari
ous cerebral diseases.
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INTRODUCTION

N-isopropyl-p- [123IJ iodoamphetamine (123I_IMP)1,2)
has been used as a tracer for cerebral perfusion with
single photon emission computed tomography
(SPECT). As it has the advantages of high first-pass
extraction and subsequent retention in the brain,
there have been many reports on the quantitative
measurement of regional cerebral blood flow
(rCBF).3-11) Among these studies, the method based
on the microsphere model with the 'continuous with
drawal of arterial blood (microsphere method) re
ported by Kuhl et al.3) has been considered to be
accurate, and the values of rCBF have shown good
agreement with those obtained by the 133Xe three
dimensional method4

) and the 150-water positron
emission tomography (PET) method.5) On the other
hand, several studies have indicated the influence of
123I_IMP washout from brain tissue,5,12,13) and shown
that the microsphere method underestimated rCBF
with increasing scan duration of SPECT, indicating
that early scanning was required.6

-
8

) These studies on
the underestimation of rCBF, however, were based
on clinical SPECT data, and were considered to
include various errors amd influences other than
washout. Quantitative assessment of the under
estimation has not been adequate, and it is not known
until when the microsphere model can be applied to
obtain accurate measurements of rCBF.

In this study, we assessed q!lantitatively the under
estimation of rCBF by the microsphere method as a
result of washout, and determined the time limit for
applying the microsphere model to obtain accurate
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MATERIALS AND METHODS

is assumed for the numerator in Equation (2) because

Theory

When the kfnetics of 1231_IMP in the brain are assu
med to be analyzed with the 2-compartment model,6-8,14)
the following equation can be proposed: 15)

(4)S: Ca(s)ds

k2 «1.6-8) By using the approximation in Equation
(3), Equation (2) can be transformed as:

K1 calculated from Equation (4) is identified as rCBF
in themicrosphere model. In the early phase after

1231_IMP injection, as the integral term S:Cb(s)ds in

Equation (3) is not much larger than the left term of
Cb(t), the approximation in Equation (3) is applicable,
and K1 can be accurately calculated from Equation

(4). However, in the late phase, as the term S: Cb(s)

ds in Equation (3) increases, the approximation is not
applicable even at k2 «1. K1is, therefore, calculated
as being lower by Equation (4) than by Equation (2),

due to the omission of k2S:Cb(s)ds. Thus, as time t

increases, the microsphere method underestimates K1
in comparison with the 2-compartment model. Also,
with the increase in k2(=K1/Vd), that is, the increase
is K1and/or the decrease in Vd, K1is calculated to be
lower because of the invalid approximation in Equa
tion (3).

Standard input function

To evaluate the underestimation of rCBF by the
microsphere method, a simulation analysis was per
formed. This simulation required the relative time
activity courses of 1231_IMP in arterial blood, that is,
the relative pattern of Ca(t) defined in Equation (1).
We prepared the "standard input function" as its
pattern, which was similar to the averaged and nor
malized time-course of relative 1231_IMP activity
previously reported by !ida et aI. 14,18) We obtained the
standard input function by averaging the time
activity courses of arterial blood withdrawn by
multiple serial sampling from 10 subjects. The sub
jects, seven patients with cerebrovascular diseases
and. three normal controls, were non-smokers and
had no heart or pulmonary disease. A dose of 222
MBq of 1231_IMP (Nihon Medi-Physics, Takarazuka,
Japan) was injected via a cubital vein during 1 min,
and intermittent arterial blood sampling was simulta
neously performed through a catheter inserted into
the radial artery of the opposite side. Sampling was
carried out every 15 sec from 0 to 2 min, every 30 sec
from 2 to 5 min, everyone min from 5 to 10 min, and
12, 14, 16, 20, 25, 30, 40, 50, and 60 min after the
injection of 1231_IMP. The fraction of true tracer
activity in each arterial blood sample was examined

(2)

(3)

rCBF measurements. Quantitative assessment was
tried by a simulation analysis based on the micro
sphere model and the 2-compartment model using the
standard time-activity course of 1231_IMP in arterial
blood (standard input function). For the accuracy of
this simulation, the standard input function was
validated. The results were also investigated by
comparing rCBF measurement by the microsphere
method with that by the 133Xe inhalation method,
both of which were used in 11 patients with various
cerebral diseases.

Cb(t)+ k2S:Cb(s)ds

S: Ca(s)ds

K1 calculated from Equation (2) is identified as rCBF
in the 2-compartment model.

In the microsphere model, the approximation:

where Cb(t) and Ca(t) are the decay-corrected radio
activity concentration of 1231_IMP in brain tissue
(/lCi/g) and arterial blood (/lCi/ml), respectively. The
value of Cb(t) is clinically derived from SPECT data,
and t is the mid-scan time of SPECT. K1 is the influx
rate constant of the tracer across the blood-brain
barrier, and k2 is the outflux rate constant (fmin) for
the washout of 1231_IMP from brain tissue. Since the
extraction of 1231_IMP is very high/,3) K1 is identified
as rCBF (ml/g/min). When the brain tissue-blood
partition coefficient is A. =K1/k2(ml/g) and the tissue
fraction is a, the product of the partition coefficient
and the tissue fraction is distribution volume
(Vd).14,16,17) If the partial volume effect of a region of
interest is sufficiently small or negligible, then a
equals 1, and the distribution volume is identified as
the partition coefficient and defined as K1/k2.

The integration of Equation (1) gives the following
equation for K1:



by the octanol extraction method, in which unmeta
bolized 1231_IMP was extracted from the sample.3,8,14)
Then the standard input function was obtained as a
relative pattern of Ca(t) by averaging the 10 subjects'
normalized time-course data for Ca(t).

Simulation analysis

When the values of K1 and k2 (or Vd ) are given and
the standard input function is used, the relative
pattern of Cb(t) can be simulated by solving di
fferential Equation (1) based on the 2-compartment
model. By using both of the relative patterns of Ca(t)
and Cb(t), the values of K1 can be calculated from
Equation (4) based on the microsphere model. The
calculated values of K1 are compared with those
given in the 2-compartment model; we can, therefore,
evaluate the error (underestimation) of K1calculated
by the microsphere method. We also examined the
underestimation related to time t in Equation (4) and
the values of K1 and Vd given in the 2-compartment
model. As this simulation analysis is based on only
the standard input function, the accuracy of the
function was investigated.

Subjects

To investigate clinically the underestimation of
rCBF by the microsphere method, we performed both
123I_IMP and 133Xe inhalation SPECT studies on 11
patients with various cerebral diseases. All of them
were non-smokers and had no heart or pulmonary
disease. As far as possible, patients were selected
who had no or minimal brain atrophy, to avoid the
partial volume effect of SPECT for estimating the
tissue fraction a:::;: 1.

rCBF measurement by 133Xe inhalation SPECT

133Xe inhalation SPECT studies were performed with
a ring-type SPECT scanner, Headtome SET-050
(Shimadzu, Kyoto, Japan), equipped with a high sensi
tivity collimator. A dose of 1110 MBq of 133Xe (Dai
ichi Radioisotope Co., Tokyo, Japan) mixed with
room air was inhaled for 1 min using a mouthpiece
with the nose clipped and an exclusive circulation
box (Anzai Co., Tokyo, Japan). SPECT data were
acquired in 64 X 64 matrices for 7 min. rCBF was
measured by the sequential picture method. 19) Images
were reconstructed in 64 X 64 matrices using a filtered
back-projection algorithm with a RAMP and Butter
worth filter: The effective spatial resolution of the
system was 23.2 mm FWHM at the center of the
transaxial field of view, and the slice thickness was
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10 mm. When measuring rCBF, we placed a total of
10 rectangular ROIs with 24 X 24 mm in size on both
sides of the cerebellar hemisphere, frontal cortex,
temporal cortex, occipital cortex and parietal cortex.
Anatomical identification of each position was
confirmed by superimposition of the SPECT films on
the X-CT films that were taken at the same levels as
the SPECT images.

rCBF measurement by the microsphere method

Approximately 60 min after 133Xe inhalation SPECT,
123I_IMP SPECT studies were performed with the
same SPECT scanner equipped with a high resolution
collimator. SPECT data were acquired from 20
simultaneous slices at 5-mm intervals. Images were
reconstructed in 128 X 128 matrices using a filtered
back-projection algorithm with a RAMP and Butter
worth filter. The effective spatial resolution of the
system was 13.4 mm FWHM at the center of the
transaxial field of view. Attenuation correction was
done numerically by assuming an elliptical brain
outline.20)

Time t in Equation (4) for the microsphere method
was set at 5 min. A dose of 222 MBq of 123I_IMP was
injected via a cubital vein for 1 min, and continuous
withdrawal of arterial blood was simultaneously
performed for 5 min through a catheter inserted into
the radial artery of the opposite side. The fraction
of true tracer activity of the arterial blood sample
was examined by the octanol extraction method

described above. The integral ter~ S:mio Ca(s)ds in

Equation (4) was then measured as previously re
ported. 21 ) The SPECT scan was performed from 25
min to 55 min after injection, and the value of Cb (t=
5 min) in Equation (4) was calculated from the
SPECT image as reported by Matsuda et aP2)

RESULTS

When the values of K1 and Vd were given at 0.5 (mlj
g/min) and 30 (mljg) in the 2-compartment model, the
values of K1 were calculated by the microsphere
method following the injection of 123I_IMP (Fig. la).
The calculated values of K1decreased from the given
value of 0.5 as time after injection increased. Fig. Ib
indicates the % K1error up to 15 min as calculated by
the microsphere method. The rate of underestimation
of K1was found to be 4.6% at 5 min, 10.2% at 10 min
and 15.1% at 15 min after injection.

The standard input function was shown to be valid
(Fig. 2). The % error curve calculated by using the
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Fig. 1. Simulation study for the underestimation of K1 calculated by the microsphere
method in comparison with K1 given at 0.5 (mljgjmin) in the 2-compartment model.
Abscissa (a), (b): Time after injection of 123I_IMP. Ordinate (a): Calculated K1 (mljgj
min). Ordinate (b): % error of the calculated K1 •
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Fig. 2. Validation of the standard input function. The
gray solid line represents the % error curve calculated by
using the standard input function as shown in Fig. l(b),
and the five broken lines represent the respective curves
calculated from the true input function of five subjects.

Fig. 3. K1 (ordinate) calculated by the microsphere
method 5 min after 123I_IMP injection was compared with
K1 (abscissa) given in the 2-compartment model for vari
ous Vct : - - - - Vct =50: Vct =30, - - - - Vct =20(mlj
g). The fine, straight solid line shows the line of identity.

standard input function as in Fig. 1b was compared
with those calculated by using the true input function
of each of five subjects selected arbitrarily. The
curves showed almost the same pattern up to 15 min.
Compared with the curve calculated by using the
standard input function, those calculated by using the
true input ·functions showed that differences in %
error were less than ±3.5% at 5 min, ±3.2% at 10
min and ±3.1% at 15 min.

At 5 min after the injection of 123I_IMP, the values
of K1 calculated by the microsphere method were
compared with those given in the 2-compartment
model for various Vd (Fig. 3). K1 was underestimated
by the microsphere method with the increase in K1 or
decrease in Vd in the 2-compartment model. When
the value of Vd was given at 30(ml/g), the rate of
underestimation of K1 by the microsphere method
was found to be 2.4% at a given K1 value of 0.25 (ml/
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Fig. 4. Correlation of rCBF values obtained by the
microsphere method with those by the 133Xe inhalation
method in various regions of 11 patients. The solid line
denotes the results of the linear-regression analysis. The
broken line shows the line of identity.

g/min), 4.6% at K1=0.5 and 6.9% at K1=0.75. At a
given K1 value of 0.5, the underestimation of K1 was
2.8% at Vd =50, 4.6% at Vd =30 and 6.9% at Vd =20.

The values of rCBF measured by the microsphere
method with 123I_IMP in 11 patients were significantly
correlated with those measured by the 133Xe inhala
tion method (Fig. 4). Although the underestimation by
the microsphere method was insignificant, the over
estimation was observed more in low flow regions.

DISCUSSION

We were able to quantitatively assess underestima
tion by the microsphere method of rCBF (K1) caused
by the washout of 123I_IMP from brain tissue. The
rate of underestimation was determined to be 4.6% at
5 min, 10.2% at 10 min and 15.1% at 15 min after
injection of the tracer. Since 4.6% is considered
negligible in clinical studies, we concluded that the
microsphere model could be applied to obtain accu
rate measurements of rCBF up to approximately 5
min.

As the influence of washout of 1231_IMP from brain
tissue was assumed to be negligible in the early phase
after injection, the method of rCBF measurement
based on the microsphere model with continuous
withdrawal of arterial blood was developed.3) This
method, which has been considered accurate,4,5) is
commonly used in clinical studies. However, several
reports have indicated that the microsphere method
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underestimates rCBF because of the washout of the
tracer with increasing scan duration of SPECT.5-7,12,13)
Yonekura et al.6) reported that, in comparison with
analysis based on the 2-compartment model, the
microsphere method could accurately estimate rCBF
5-10 min after injection, but as time increased, rCBF
was underestimated. Murase et al,7) indicated that
even in the early phase after injection, the influence
of washout could not be considered negligible. How
ever, these studies on the underestimation of rCBF
were based on clinical SPECT data, and therefore
are considered to have been subject to various errors
and influences. Clear, quantitative assessment has not
been carried out, and therefore it is not known until
how late the microsphere model accurately measures
rCBF. In this study, using only the standard input
function, we were able to perform a noise-free simu
lation based on the microsphere model and 2-com
partment model. The accuracy of the standard input
function was validated as in Fig. 2. It was therefore
possible to evaluate the underestimation of rCBF by
the microsphere method. That is, the results of the
simulation were considered to indicate a theoretical
defect of the microsphere model, and to be generally
applicable to various studies of the microsphere
model. However, if the true input function of a sub
ject shows a quite different pattern compared with
the standard input function due to a patient with
heart or pulmonary disease or due to the different
manner of injection of the tracer, the rate of under
estimation of rCBF may change.

As previously reported,6-8) it was found that the
microsphere method underestimated rCBF as time
after injection increased (Fig. 1). When the values of
K1and Vd in the 2-compartment model were given at
0.5 (mljg/min) and 30 (mljg), which were considered
to be approximately normal values,5-8,22) the value of
K1 at 5 min after injection was calculated to be 4.6%
lower by the microsphere method. Since an underesti
mate of 4.6% is considered negligible in clinical
studies, we concluded that the microsphere model
was acceptable for 123I_IMP kinetics within approxi
mately 5 min after injection; that is, th~ microsphere
method could estimate rCBF with accuracy for up to
5 min. It was also quantitatively determined that the
microsphere method underestimated rCBF with the
increase in K1 and decrease in Vd as given in the
2-compartment model (Fig. 3). The results shown in
Figs. 1 and 3 are therefore useful to evaluate under
estimation as it relates to time after injection and the
values of K1 and Vd. When the time for the micro
sphere method is chosen within 5 min, the under
estimation of rCBF is considered negligible in the
practical range of K1 and Vd.
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When the microsphere model is generally applied
to the measurement of rCBF, it would not be accep
table to perform the SPECT during the first 5 min
because of the poor activity accumulated in the brain
tissue. The method reported by Matsuda et al. 22) is,
therefore, used clinically. This method requires
SPECT scan 30 min after injection of 123I_IMP, and
the SPECT image is corrected to the image at 5 min
by using the monitored entire brain time-activity
curve. This method can make the microsphere model
possible to use routinely.21,23-25) It is trace that further
investigation of the error caused by the correction
with the use of entire brain time-activity curve should
be done. However, the results in this paper are also
applicable to the study using the method of Matsuda
et al.

In the 11 patients, the rCBF values measured by the
microsphere method were not significantly underes
timated compared with the 133Xe inhalation method
(Fig. 4). This suggests that the underestimation by the
microsphere method, which was estimated as 4.6% by
the simulation analysis, is clinically negligible. The
slight underestimation observed in high flow regions
seemed to confirm the simulation analysis. Rather
than the underestimation, the overestimation by the
microsphere method was observed more in low flow
regions. This was considered to be due to the previ
0usly described, method of Matsuda et al. as reported
by Takahashi et al. 24,25)

We were able to quantitatively assess the time
related underestimation of rCBF by the microsphere
method. It was concluded that the microsphere model
could be applied to rCBF measurement in clinical
studies up to approximately 5 min after injection
regardless of washout.
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