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The kinetic behavior of 9~Tc-hexamethylpropyleneamine ox- 
ime (HMPAO) in the human brain was investigated in 11 
patients with various brain diseases (176 regions), using 
dynamic SPECT and a four-compartment model with five 
parameters (KI: rate constant for the transport of HMPAO 
from blood to brain, K2: backdiffusion from brain to blood, 
K3: conversion to a hydrophilic form in the brain, K5: conver- 
sion to a nondiffusible form in the blood, and f,: fraction of 
radioactivity attributable to the vascular compartment). Al- 
though K1 correlated well with cerebral blood flow (CBF) 
measured by the 133Xe inhalation method (Xe-CBF) (r = 
0.888), its value was underestimated by 28.9% + 11.9%, 
indicating a low extraction fraction (E) for HMPAO. From E = 
K1/CBF, a regression equation of E = 0.857 - 0.00335. Xe- 
CBF was obtained. Significant correlations were observed for 
K2 versus Xe-CBF (r = 0.679), for K3 versus Xe-CBF (r = 
0.483), for K3/(K2 + K3) versus Xe-CBF (r -- -0.487), for K3/ 
K2 versus Xe-CBF (r = -0.501), and for K2 + K3 versus Xe- 
CBF (r = 0.655), but not for K1/K2 versus Xe-CBF (r = 0.005). 
Thus, this model was useful for elucidating the kinetic behav- 
ior of HMPAO in the human brain, and correction for E appears 
to be indispensable for accurate CBF quantification using 
HMPAO. 
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O v e r  the last decade, several brain imaging radiophar- 
maceuticals have been developed that permit routine 
cerebral blood flow (CBF) imaging by single-photon emis- 
sion computed tomography (SPECT). These include N-iso- 
propyl-p-[|23I]iodoamphetamine (IMP) ( l) ,  N,N,N'-tri-  
methyl-N'-[2 hydroxy-3 methyl-5-[|23I]iodobenzyl] - 1,3- 
propanediamine (HIPDM) (2), 2°tTl-demethyldithiocar- 
bamate (DDC) (3), 99mTc-hexamethylpropyleneamine ox- 
ime (HMPAO) (4), and 99roTe-ethyl cysteinate dimer 
(ECD) (5). 
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HMPAO is chemically unstable in the body and readily 
converts from its highly lipophilic primary form to a 
secondary hydrophilic species (6). The rapid intracellular 
conversion of this compound to a hydrophilic species that 
does not diffuse readily across cell membranes is thought 
to explain its retention in the brain and various other 
organs (6). However, this chemical instability makes it 
difficult to quantitate CBF using HMPAO, especially when 
performing SPECT with a rotating gamma camera system. 
Although there is already evidence of the clinical value of 
HMPAO SPECT in several areas (7), it is not yet possible 
to obtain absolute CBF values with this procedure. 

With the current development of SPECT instrumenta- 
tion (8,9), relatively fast dynamic data acquisition is be- 
coming feasible. By subjecting dynamic SPECT data to an 
appropriate kinetic model analysis, it is thus possible to 
elucidate the kinetics of a radiopharmaceutical in normal 
and diseased tissues. 

The purpose of this study was to investigate the behavior 
of HMPAO in the human brain using a kinetic model and 
dynamic SPECT and to validate the use of HMPAO as a 
CBF tracer. 

MATERIALS AND METHODS 

Mathematical Model 
Figure 1 shows our model for describing the in vivo kinetic 

behavior of HMPAO (10). This model consists of the following 
four compartments: (A) the lipophilic, diffusible tracer in the 
blood with a concentration of Ca]; (D) the hydrophilic, nondif- 
fusible tracer trapped in the blood with a concentration of Cab; 
(B) the lipophilic, diffusible tracer in the brain with a concentra- 
tion of Cb'; and (C) the hydrophilic, nondiffusible tracer trapped 
in the brain with a concentration of Cb h, where C, j and Ca h are 
the radioactivities per ml of arterial blood and Cb 1 and Cb h are 
the radioactivities per ml of brain tissue. 

K l to K6 are the rate constants for the transport of the tracer 
between compartments. K1 is represented in ml/g/min (con- 
verted from ml/ml/min, assuming that the specific gravity of 
brain tissue is 1.04 g/ml) and K2 to K6 are represented in liter/ 
min. In this study, it was assumed that the trapping of HMPAO 
is irreversible (11) (i.e., K4 = K6 = 0) and that the nondiffusible 
form of the tracer does not cross the blood-brain barrier (BBB). 
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FIGURE 1. Kinetic model for describing the in vivo behavior of 
HMPAO complexes. K1 to K6 are the rate constants to define 
the transport of the tracer between compartments, and K4 and 
K6 are assumed to be zero 

Brain activity, CD, is given as 

Cb = (1 -- fa)-(C~ + EL) + fa'C'a, Eq. l 

where f~ is the fraction of radioactivity attributable to the vascular 
compartment. Here, it should be noted that C'a is the activity of 
arterial blood sampled from a patient, while Ca in Equation A4 
is the arterial blood activity corrected for the radiochemical purity 
(RCP) of the injected HMPAO. For the sake of simplicity, we 
assumed Ca as 

Ca = RCP.C,'. Eq. 2 

Integrating both sides of Equation 1 for a scan time duration 
(AT), the brain activity at scan No. i is given by: 

~ Cb(t)dt = ( I -  fa) ( ~ :  C~dt  

+ C~, dt + f~ C" dt, Eq. 3 
t~-i 

where ti = i .AT and ti-~ = (i - 1).AT. 
Substituting Equations A5 and A6 into Equation 3, double 

integrals appear. These were expressed by recursive equations 
according to the method of Mazoyer et al. (12) for reducing the 
calculation time without sacrificing accuracy. A 2-sec convolution 
time grid was used for expressing the double integral by recursive 
equations (12). 

To estimate the above parameters (KI, K2, K3, K5, and fa), 
the model equation (Eq. 3) was fitted to the time course data of 
brain activity measured by dynamic SPECT using the nonlinear 
least-squares method (13). Calculations were performed in FOR- 
TRAN by a computer (FACOM M-360AP, Fujitsu, Tokyo, Ja- 
pan). 

Instrumentation 
Dynamic SPECT was performed using the SPECT 2000H-40 

scanner (Hitachi Medical Corp., Tokyo, Japan), which is a four- 
sided gamma camera arrangement equipped with a low-energy, 
general-purpose collimator (8). Its sensitivity is 4.2 kcps/uCi/ml 
for scans of a cylinder 20 cm in diameter filled with a 99roTe 
solution. The spatial resolution was 15 mm (FWHM) at the 
center of the field of view and 10 mm (FWHM) at a distance 8 
cm from the center. These values were obtained using a line 
source 1 mm in diameter containing a 99"Tc solution located in 
a water-filled cylinder 20 cm in diameter. 

Patients 
Eleven patients with various brain diseases were studied, in- 

cluding 4 males and 7 females who ranged in age from 26 to 77 
yr (average: 58.5 yr). The purpose of this study and the procedures 
were explained and informed consent was obtained from each of 
the patients before entry into the study. 

Data Acquisition 
The patient's head was positioned in the SPECT 2000H-40 

scanner. About 925 MBq (25 mCi) of HMPAO were injected 
into an antecubital vein over about 2 min using an infusion 
pump. At the same time, the scanner was started and consecutive 
arterial blood samples were obtained from a small catheter placed 
in the brachial artery (every 30 sec for the first 5 min, every 60 
sec for the next 5 min, and then every l0 rain up to 30 min 
postinjection). The arterial blood activity curve (C'a in Eq. 2) was 
obtained by interpolating the blood sample data using a B-spline 
function (14). Scanning continued for a total of about 20 min 
(32 scans) with a scan time duration of 40 sec. Transaxial images 
were reconstructed by filtered backprojection with a Shepp-Logan 
filter (15), and Chang's method (16) was used to correct atten- 
uation. The SPECT counts and arterial blood activity were mu- 
tually calibrated using a well-type scintillation counter (Auto- 
Logic, Abbott Labs). 

Prior to the HMPAO study, patients inhaled 1.85-3.7 GBq 
(50-100 mCi) of 133Xe gas and CBF was measured by dynamic 
SPECT (16 scans with a duration of 20 sec each) according to 
the Kanno-Lassen method (17). The arterial input curve of 13aXe 
was estimated from the end-expiratory ~33Xe concentration curve 
observed by a single NaI detector (Anzai, Tokyo, Japan). CBF 
values measured by the 133Xe inhalation method are denoted as 
Xe-CBF or CBF by 133Xe hereafter. 

Sixteen regions of interest (ROIs) were selected in the bilateral 
frontal, temporal, temporo-occipitat, and occipital cortices on a 
slice through the basal ganglia; in the bilateral frontal, temporal, 
and occipital cortices on a slice about 2 cm above the basal 
ganglia slice; and in the bilateral cerebellum for each patient. A 
total of 176 ROls were analyzed in this study. 

Tracer 
Technetium-99m-HMPAO was prepared from a freeze-dried 

kit (Ceretec, Amersham Medical Ltd., Tokyo, Japan) by adding 
740-l110 MBq (20-30 mCi) of freshly eluted [99mTc]pertechne- 
late to 3-4 ml of saline solution just before its injection into the 
patients. 

The radiochemical purity (RCP) was immediately determined 
by thin-layer chromatography using three different solvent sys- 
tems; 0.9% saline to determine free pertechnetate, methylethyl- 
ketone for secondary complexes of HMPAO, and 50% acetonitrile 
for reduced hydrolyzed technetium (18). The RCP was defined 
as the fraction of total radioactivity present as the lipophilic form 
of 99mTc-HMPAO in a given sample. 

Statistical Analysis 
In order to investigate the optimum number of parameters for 

the kinetic model, the fits obtained by varying the number of 
parameters were compared using Akaike's information criteria 
(AIC) (19,20). With this method, smaller values denote a better 
fit and the AIC is defined as follows: AIC = n. In(SSQ) + 2p, 
where n is the number of data points, SSQ is the sum of squared 
errors between the model predictions and the measured dynamic 
scan data, and p is the number of parameters. This is an effective 
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TABLE 1 
Comparison of Akaike's Information Criteria (AIC) 

Determined with Various Parameters 

Case AIC 
I! lF r  IIII I [ I 

A (K1, K2, K3, K5, fa) 51.00 _+ 8.03 TM 

B (K1, K2, K3, K5) 67.76 _+ 13.52 § 
C (K1, K2, K3, fa) 67.20 _+ 10.97 ~ 
D (K1, K2, K5, fa) not converged 
E (K1, K3, K5, fa) not converged 
F (K1, K2, K3) 113.30 +_ 16.00 
G (K1, K2, K5) not converged 

( ) = parameters used. 
"p < 0.01 compared to Case B. 
i p < 0.01 compared to Case C. 

p < 0.01 compared to Case F. 
p < 0.01 compared to Case F. 
p < 0.01 compared to Case F. 

method for distinguishing between alternative models with dif- 
i~ring numbers of parameters (20). Intergroup comparisons were 
analyzed with the paired Student's t-test (Table 1 ) and differences 
were considered significant when p < 0.05. 

To determine the correlation between various parameters and 
Xe-CBF, linear regression analysis was performed, and regression 
equations and correlation coefficients were computed. Statistical 
significance was again set at the p < 0.05 level. 

RESULTS 

Figure 2 is a representative example of dynamic scan 
data showing 16 of the 32 scans obtained. The tracer 
reached a peak within five scans, after which it remained 
stable in the brain throughout the study period. 

To analyze the in vivo kinetic behavior of HMPAO, we 
used a kinetic model consisting of four compartments with 
five parameters (Fig. 1). Before applying this model, we 
investigated the optimum number of parameters using 30 
ROIs and compared the fits obtained after varying the 
number of parameters. As shown in Table I, when five 
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FIGURE 2. Representative example of dynamic scan data. 

FIGURE 3. Example of curve fitting. Open circles represent 
the measured scan data and the solid line represents the fitted 
curve. These data were obtained from the left occipital cortex of 
Case 4 on a slice about 2 cm above the basal ganglia slice. 

parameters (K1, K2, K3, K5, and f.,) were used, the AIC 
was significantly (p < 0.01) lower than in all other cases, 
indicating that this was the best fitting model. Figure 3 is 
an example of curve fitting using the four-compartment 
model with five parameters. These data were obtained 
from the left occipital cortex of Case 4 on a slice about 2 
cm above the basal ganglia slice. Open circles represent 
the measured scan data and the solid line represents the 
fitted curve. As can be seen, a good fit was obtained. 

The calculated K1, K2, K3, K5, and f.., results for 11 
patients are summarized in Table 2 together with Xe-CBF 
data. The figures in the table are expressed as the mean _+ 
s.d. for 16 ROIs. Table 3 summarizes the calculated results 
of the brain:blood partition coefficient, k(K1/K2), the 
conversion/clearance ratio, ~ (K3/K2), the brain clear- 
ance-backflux constant, K (K2 + K3), and the retention 
fraction, R (K3/(K2 + K3)), (11). 

Figure 4 shows a comparison between the time course 
of the arterial concentration of the lipophilic complex 
calculated for Case 11 using Equations A7 and A8, and 
that measured by the rapid octanol extraction technique 
(21). In the figure, error bars represent the standard devia- 
tions of diffusible tracer activity for the 16 ROIs calculated 
by our method. A good agreement was observed between 
the two sets of data up to about 5 min after HMPAO 
injection. However, the arterial blood concentration of the 
diffusible tracer calculated by our method gradually de- 
creased thereafter, while some radioactivity remained in 
the octanol when measured by rapid octanol extraction, 
showing some discrepancy between the calculated and 
measured results after about 5 min postinjection. 

Figure 5 shows the relationship between K I and Xe- 
CBF. Although K I correlated well with Xe-CBF (r = 0.888, 
p < 0.01; y = 0.653x + 1.856), its value was underesti- 
mated by 28.9% _+ 11.9%, suggesting that the single-pass 
extraction fraction (E) of HMPAO is considerably lower 
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TABLE 9 
Calculated Results of K1, K2, K3, K5, and fa in 11 Patients 

Age/ Xe-CBF" K1 K2 K3 K5 
Case Sex Diagnosis (mi/g/min) (ml/g/min) (liter/min) (liter/min) (liter/min) fa 

I1|  I III1| I 

1 26/F Moya 0.43 ± 0.10 0.31 _ 0.07 0.65 _ 0.14 0.69 - 0.11 0.094 __. 0.004 0.047 ± 0.007 
(IH) 

2 70/F HIH 0.29 _ 0.03 0.21 ± 0.03 0.45 ± 0.06 0.45 _+ 0.06 0.065 _ 0.004 0.016 _+ 0.004 
3 53/F Moya 0.48 _ 0.06 0.36 + 0.04 0.72 _ 0.15 0.60 _ 0.06 0.089 _+ 0.003 0.063 _+ 0.009 

(IH) 
4 77/F Hydro 0.38 ± 0.05 0.26 _+ 0.04 0.71 ± 0.13 0.67 _-!- 0.06 0.070 __ 0.003 0.054 ... 0.006 
5 69/M HIH 0.19 +__ 0.02 0.16 ... 0.02 0.27 __. 0.15 0.48 _+ 0.17 0.089 _ 0.009 0.086 ± 0.015 
6 60/M CI 0.42 _ 0.05 0.29 _ 0.04 0.64 ± 0.09 0.55 _+ 0.03 0.094 __ 0.004 0.046 __. 0.005 
7 73/F AVM 0.24 _ 0.06 0.18 _+ 0.03 0.56 ± 0.16 0.51 _ 0.08 0.087 +__ 0.005 0.051 ... 0.011 

(IH) 
8 61]M GBM 0.29 -4- 0.03 0.18 +_ 0.02 0.55 ± 0.06 0.51 _ 0.06 0.074 _+ 0.007 0.040 _+ 0.002 
9 67/F CI 0.35 _+ 0.04 0.26 +_ 0.03 0.72 ± 0.15 0.68 _+ 0.11 0.097 _ 0.007 0.043 + 0.006 

10 41/F Moya 0.37 + 0.06 0.25 _+ 0.04 0.63 ± 0.10 0.53 _ 0.06 0.089 _ 0.008 0.040 ... 0.004 
(IH) 

11 47/M TIA 0.53 _+ 0.05 0.39 ± 0.03 0.74 ± 0.06 0.69 _ 0.09 0.083 _ 0.007 0.058 ... 0.007 
Average 0.37 + 0.11 0.26 _ 0.08 0.60 ± 0.18 0.58 _+ 0.12 0.085 _+ 0.011 0.050 +_. 0.018 

Data are expressed as means _+ s.d.s, for 16 ROts. 
"Cerebral blood flow measured by the l~Xe inhalation method. 
Moya = Moyamoya disease; HIH = hypertensive intracerebral hemorrhage; Hydro -- hydrocephalus; CI = cerebral infarction; AVM = 

arteriovenous malformation; GBM = gliobtastoma multiforme; TIA = transient ischemic attack; and IH = intracranial hemorrhage. 

than unity. To investigate the effect of  RCP, we calculated 
the regression equation for K I without  any correction for 
RCP (i.e., RCP was assumed to be unity in Eq. 2) and Xe- 
CBF, obtaining a regression equation of  y = 0.445x + 
3.312 (r = 0.778, p < 0.01) (plots not shown). 

The relationship between E and Xe-CBF was obtained 
as follows. K1 can be described as K 1 - ExCBF, yielding 
E = K I/CBF. Figure 6 shows the relationship between the 
K I /Xe-CBF ratio, i.e., E and Xe-CBF, from which the 
following regression equation was obtained: 

E = 0.857 - 0 .00335.Xe-CBF.  Eq. 4 

The relationship between K2 and Xe-CBF is shown in 
Figure 7. A significant correlation was observed between 
them (r = 0.679, p < 0.01; y = 0.0109x + 0.205). 

The relationship between K3 and Xe-CBF is shown in 
Figure 8. A significant correlation was observed between 
them (r = 0.483, p < 0.01; y = 0.00528x + 0.386). Open 
circles represent the data obtained from regions where no 
abnormal i ty  was found by x-ray C T / M R I  (magnetic res- 
onance imaging) and no associated neurological symptoms 
were located. There was no significant correlation between 
K3 obtained from these regions and Xe-CBF (r = 0.0543, 
p > 0.05; y = 0.000772x + 0.611). 

The relationships between other parameters  and Xe- 
CBF are shown in Figure 9. Significant correlations were 
observed for a versus Xe-CBF (r = -0 .501 ,  p < 0.01; y = 
-0 .0166x  + 1.650) (Fig. 9B), for K versus Xe-CBF (r = 
0.655, p < 0.01; y = 0.0162x + 0.586) (Fig. 9C), and for 
R versus Xe-CBF (r = -0 .487 ,  p < 0.01; y = -0 .00314x  

TABLE 3 
Calculated Results of the Brain:Blood Partition Coeficient, k, the Conversion/Clearance Ratio, a, the Clearance Backflux 

Constant, K, and the Retention Fraction, R, in 11 Patients 

Age/ ,k (ml/g) a K (liter/min) R 
Case Sex (= K1/K2) (= K3/K2) (= K2 + K3) (= K3/(K2 + K3)) 

I I I I I I  

1 26/F 0.49 _+ 0.10 1.09 _ 0.17 1.34 _ 0.23 0.52 __. 0.04 
2 70/F 0.47 _ 0.07 1.03 +_ 0.13 0.90 ± 0.11 0.50 + 0.03 
3 53/F 0.51 _ 0.07 0.86 _ 0.11 1.32 +_ 0.20 0.46 _+ 0.03 
4 77/F 0.37 __. 0.04 0.97 +_ 0.13 1.38 ± 0.17 0.49 _ 0.03 
5 69/F 0.70 +_ 0.26 1.95 +__ 0.53 0.75 ___ 0.31 0.65 _+ 0.07 
6 60/M 0.45 + 0.05 0.88 __. 0.14 1.19 _+ 0.09 0.47 _ 0.04 
7 73/F 0.33 _+ 0.05 0.95 _+ 0.23 1.04 _+ 0.21 0.50 + 0.11 
8 61/M 0.32 _ 0.03 0.95 _+ 0.19 1.07 _ 0.06 0.48 _ 0.05 
9 67/F 0.37 ± 0.05 0.96 + 0.11 1.39 _ 0.24 0.49 _ 0.03 

10 41/F 0.39 ± 0.03 0.87 +_. 0.21 1.17 _ 0.10 0.46 ± 0.05 
11 47/M 0.53 _+ 0.04 0.94 + 0.15 1.44 __. 0.10 0.48 _+ 0.04 

Average 0.45 ± 0.14 t .04 _ 0.37 1.18 _ 0.28 0.50 - 0.08 

Data are expressed as means __ s.d.s for 16 ROIs. 
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FIGURE 4. Comparison between the calculated time course 
of the arterial concentration of lipophilic complexes of HMPAO 
and that measured by the rapid octanol extraction technique in 
Case 11. A represents the arterial blood activity corrected for the 
radiochemical purity of the injected HMPAO, while O and • 
represent the arterial concentration of fipophilic HMPAO meas- 
ured by the rapid octanol extraction technique and that calculated 
using Equations A7 and A8. Error bars represent the standard 
deviations of calculated lipophific, diffusible HMPAO activity for 
16 ROIs.  

+ 0.616) (Fig. 9D), but not for X versus Xe-CBF (r = 
0.00534, p > 0.05; y = 0.00006743x + 0.447) (Fig. 9A). 

D I S C U S S I O N  

We developed a model for describing the kinetic behav- 
ior of HMPAO in the human brain in vivo. Using this 
kinetic model and dynamic SPECT, we investigated the 
behavior of this tracer in the human brain and the possi- 
bility of using it to quantitate CBF. Our kinetic model 
consists of four compartments with five parameters, and a 
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FIGURE 6. Relationship between the 
K1/Xe-CBF ratio and Xe-CBF. The K1/Xe- 
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good fit was obtained between the model predictions and 
the dynamic scan data (Fig. 3), suggesting the validity of 
this model. Matsuda et al. (22) have previously used a 
four-compartment model with four parameters, in which 
they neglected the effect of radioactivity attributable to the 
vascular compartment. However, we studied the optimum 
number of parameters using AIC (19,20) (Table 1) and 
found that five parameters (K1, K2, K3, K5, and fa) 
produced a significantly lower AIC than that obtained with 
the other types of models (Table 1). Since a four-compart- 
ment model with five parameters provided the best fit, the 
effect of radioactivity attributable to the vascular com- 
partment apparently cannot be neglected in the kinetic 
model. Hayashida et al. (23) analyzed initial and late 
HMPAO brain SPECT images and concluded that the 
elimination of vascular activity is essential to quantify 
CBF accurately. This finding is considered to substantiate 
the validity of the above-mentioned results (Table 1). 
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FIGURE 8. Rela- 
tionship between 
K3 and Xe-CBF. 
Open circles repre- 
sent the data ob- 
tained from regions 
where no abnor- 
mality was found 
by x-ray CT/MRI 
and no associated 
neurological symp- 
toms were located. 
The clashed line re- 
presentstheregres- 
sion line between 
these data and Xe- 
CBF. 
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As reported by Sharp et al. (18), HMPAO activity over 
the brain reaches a maximum at only 1 min postinjection, 
followed by some loss of activity and a plateau at about 2 
min postinjection when injected with a bolus. Because the 
sensitivity of SPECT is much lower than that of positron 
emission tomography (PET), it is difficult to take a scan 
time as short as that for PET (24). Therefore, we scanned 
for a relatively long time of 40 sec and injected HMPAO 
slowly over about 2 min with an infusion pump instead of 
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FIGURE 9. (A) Relationship between the brain:blood partition 
coefficient (K1/K2) and Xe-CBF. (B) Relationship between the 
conversion/clearance ratio (K3/K2) and Xe-CBF. (C) Relationship 
between the brain clearance backflux constant (K2 + K3) and 
Xe-CBF. (D) Relationship between the retention fraction (K3/(K2 
+ K3)) and Xe-CBF. 

giving a bolus injection in order to acquire as much scan 
data as possible before the HMPAO activity reached the 
maximum, and not to miss the peak of arterial activity 
after intravenous injection of HMPAO when arterial blood 
sampling. In return, we took the time course of brain 
activity during the scan into consideration by introducing 
double integrals into the model equation (Eq. 3). 

A brute force approach to the computation of parame- 
ters (K1, K2, K3, K5, and f~) from Equation 3 would 
involve reconstruction of the brain tissue concentrations 
at multiple time intervals spanning the observation period 
and the integration of these data. This is a potentially time- 
consuming process, which can be minimized by exploiting 
the equivalence between the time integrals of the recon- 
structed values and reconstruction of the time integrals of 
the projection data. The mathematical basis for the com- 
putation of these summation procedures is welt established 
and has been verified by Tsui and Budinger (25). Based 
on the above mathematical basis, we can obtain the data 
represented by the left-hand side of Equation 3 by recon- 
structing SPECT images from the projection data acquired 
during a scan, and can then evaluate the parameters men- 
tioned above by using the right-hand side of Equation 3 
and the dynamic scan data from SPECT. 

We used the ~33Xe inhalation method to measure CBF 
and took the data obtained as the "standard" for evaluating 
the kinetic parameters of HMPAO. Although the spatial 
resolution of this method is rather limited due to the 
properties of ]33Xe with low-energy gamma rays, it has 
often been used as the "standard" method in the past (26). 
Devous et al. (27) investigated the potential limitations 
and reproducibility of this method, and reported that 
although it significantly overestimated white matter blood 
flow owing to the choice of a fixed partition coefficient for 
all tissues, photon scatter, and partial volume effect, the 
gray matter blood flow generally agreed with the published 
values obtained by other techniques. In addition, CBF 
measurements were reproducible among individuals. 
Therefore, we limited our study to gray matter blood flow. 
With this method, there are also difficulties in accurately 
measuring cerebellar blood flow, because the cerebellum 
lies in the plane affected by artifacts due to 133Xe gas in 
the airways. Therefore, we excluded patients with promi- 
nent artifacts due to 133Xe gas in the airways. Furthermore, 
since we estimated the arterial input curve of ~33Xe from 
the end-expiratory ~ 33Xe concentration curve, the accuracy 
of CBF measurement could have been affected by the 
respiratory function of the patients. Accordingly, we se- 
lected patients who did not have any respiratory symptoms 
or an abnormal chest x-ray. 

The rapid conversion of lipophilic HMPAO to a non- 
diffusible tracer in the blood (18) makes it difficult to 
determine the input function of the kinetic model. In the 
case of IMP, the octanol extraction technique (28) has 
been used for differentiating between diffusible and non- 
diffusible tracer. However, with HMPAO the time re- 
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quired for both blood collection and analysis has to be 
short, since the lipophilic complexes of this compound are 
rapidly removed from in the blood (18) and the conversion 
process also continues in the test tube after the sample has 
been collected. Therefore, too long a time interval between 
blood collection and the octanol extraction procedure can 
lead to underestimation of the amount of diffusible tracer 
(22). However, this is not an insurmountable obstacle. 
Andersen et al. (21) measured the concentration of diffu- 
sible tracer in the blood using a rapid octanol extraction 
technique, but this procedure is quite troublesome. Ac- 
cordingly, instead of using the rapid octanol extraction 
technique, we took the rapid conversion of HMPAO into 
consideration by introducing K5 into the kinetic model 
(Fig. 1). To validate this method, we compared the time 
course of the arterial concentration of the lipophilic com- 
plexes calculated using Equations A7 and A8 with that 
actually measured by the rapid octanol extraction tech- 
nique (21) (Fig. 4). A good agreement was observed be- 
tween them up to about 5 rain after HMPAO injection, 
after which there was some discrepancy (Fig. 4). If all the 
octanol-extracted tracer was actually lipophilic and diffu- 
sible through the BBB, the brain activity would increase 
gradually since radioactivity extracted by octanol does not 
disappear (Fig. 4). Because this was not actually the case 
(Fig. 2), it appears that some hydrophilic complexes or 
tracer metabolites which cannot cross the BBB were also 
extracted by the octanol method. Pupi et al. (29) also 
pointed out that if the radioactivity extracted by octanol 
corresponds with diffusible HMPAO, its curve should 
decrease continuously, whereas there is actually a long 
plateau phase, and they suggested that octanol extracts 
both lipophilic diffusible HMPAO and a nondiffusibte 
lipophilic fraction (29). From this point of view, the 
mathematical analysis used in the present study is consid- 
ered to be better than octanol extraction for determining 
the true input function. 

One of the goals of the present study was to quantitate 
CBF using HMPAO, of which, the effect on RCP was 
significant. Our RCP values ranged from 0.763 to 0.853, 
with an average of 0.808, while Lassen et al. (11) reported 
that the average RCP value was 0.83. Since RCP falls with 
time (30), we endeavored to measure it as quickly as 
possible and also minimized the time between RCP meas- 
urement and HMPAO administration. We then corrected 
for RCP using Equation 2 for the sake of simplicity. If 
correction for RCP was neglected, the arterial input func- 
tion was overestimated and there was a consequent under- 
estimation of K 1. Even when RCP was corrected, K1 was 
considerably underestimated in comparison with Xe-CBF 
(Fig. 5). If HMPAO extraction by the brain was perfect, 
the K 1 obtained here should be equal to CBF, so it appears 
that the single-pass extraction fraction (E) of HMPAO is 
considerably lower than unity. Rossing et al. (31) also 
reported a low E value for HMPAO. Hence, correction for 
E is an absolute necessity when quantitating CBF using 

HMPAO, and we accordingly derived a regression equa- 
tion for E and Xe-CBF (Fig. 6, Eq. 4). Andersen et al. (32) 
also proposed a regression equation for E and CBF, based 
on human studies using the double-indicator dilution tech- 
nique for determination of E and the initial slope mXe 
clearance method for CBF measurement (32). Our regres- 
sion equation for E and Xe-CBF (Eq. 4) agreed very closely 
with Andersen's (32). When calculating CBF from the 
relationship K1 = ExCBF by using Andersen's equation 
(32) for E, the CBF obtained by HMPAO SPECT agreed 
well with the Xe-CBF (r = 0.882, y = 1.048x - 4.335) 
(plots not shown), suggesting that by coupling our kinetic 
model with an appropriate correction for E, CBF values 
could be obtained in absolute units from HMPAO SPECT, 
which has heretofore not been possible. 

Nishizawa et al. (33) have reported that a direct com- 
parison of IMP and HMPAO SPECT in the same subjects 
revealed a lower contrast of HMPAO SPECT in terms of 
both the gray-to-white matter ratio and the normal-to- 
ischemic region activity ratio. Lassen et al. ( i i )  have 
suggested that the relatively poor contrast of HMPAO 
SPECT images can be partly explained by the nonlinear 
relationship between blood flow and HMPAO uptake, 
which is caused by the flow-dependent backdiffusion of 
lipophilic HMPAO from brain to blood. The present study 
showed a significant positive correlation between K2 and 
Xe-CBF (Fig. 7) and further indicated that the value of 
K2 for HMPAO was much greater than that for IMP (34). 
These results support Lassen's explanation (11 ). To further 
clarify this area, we investigated the relationship between 
the retention fraction (K3/(K2 + K3)) and Xe-CBF. This 
retention fraction denotes the fraction of HMPAO enter- 
ing the brain that is retained or trapped. There was a 
significant negative correlation between the two parame- 
ters, and the relationship was nonlinear rather than linear 
(Fig. 9D) as suggested by Lassen et al. (I1). Our results 
confirm that the relatively poor contrast of HMPAO 
SPECT images (11,33) is reflected by a higher K2 value 
and a lower retention fraction, in addition to a lower 
single-pass extraction fraction (Fig. 6), in the higher flow 
regions. 

There was also a significant positive correlation between 
K3 and Xe-CBF (Fig. 8), although the correlation coeffi- 
cient was lower than that between K2 and Xe-CBF (Fig. 
7). On the other hand, there was no significant correlation 
between the K3 obtained from regions considered normal 
by x-ray CT/MRI, clinical symptoms, and Xe-CBF (Fig. 
8). Neirinckx et al. (6) have reported that glutathione 
(GSH) may be important for the conversion of HMPAO 
to hydrophilic forms in vivo and may be involved in the 
mechanism of HMPAO trapping in the brain and other 
organs. GSH levels are maintained by the -y-glutamyl cycle 
(35). If Neirinckx's theory is true, the decrease in K3 in a 
disease state associated with low CBF (Fig. 8) may be 
mainly due to impairment of the -r-glutamyl cycle. 

The brain:blood partition coefficient of HMPAO was 
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calculated from the obtained rate constants (K1/K2) and 
approximated 0.45 ml/g (Table 3). Matsuda et al. (22) 
reported that the brain:blood partition coefficient was 
approximately 1.0 ml/g, a considerably different result. 
On the other hand, Rossing et al. (31) reported that it was 
only 0.42 ml/ml  and our results strongly support the data 
of Rossing et al. (31). Lassen et al. (11) reported that it 
was 0.67 + 0.23 ml/g in a study using eight patients. 
However, one of their patients (Case 8) had an extremely 
high value (11), and if this was excluded the average 
became 0.53 ml/g, a result very similar to ours. In the 
present study, there was no significant correlation between 
the brain:blood partition coefficient and Xe-CBF because 
of the large scatter of the data (Fig. 9A). 

As shown in Table 2, the average value of fa was 0.05. 
This value is considered valid from the fact that cerebral 
blood volume in gray matter in normal subjects is about 
0.055 ml/g (36). 

The values of K and R (Table 3) agreed relatively well 
with those reported by Lassen et al. (11), which were 
obtained by analyzing the residue curves for the whole 
brain after an intracarotid bolus injection of HMPAO. 

Lassen et al. (11) have proposed the use of a correction 
term to linearize HMPAO brain uptake versus blood flow 
relationship, the so-called "Lassen's linearization algo- 
rithm." The linearization algorithm converts the activity 
ratio measured in the original HMPAO SPECT images to 
a corrected blood flow ratio. In this case, the conversion/ 
clearance ratio a (K3/K2) is an important parameter that 
determines the relationship between brain activity and 
CBF ratios (11). That is, the smaller the value of a, the 
more the relationship between the brain activity and CBF 
ratios moves away from linearity. Lassen et al. (11) re- 
ported that the mean value of a in eight patients was 1.18, 
which agreed well with our findings (Table 3). Further- 
more, Lassen et al. (I 1) took the value obtained from the 
normal cerebellum as a and assumed that it was constant 
in the linearization algorithm. Our results, however, indi- 
cated that a depends significantly on Xe-CBF (Fig. 9B), 
and this relationship is nonlinear rather than linear. This 
suggests that although the linearization algorithm may be 
useful in the normal brain, its validity is questionable 
under pathological conditions, as suggested by Heiss et al. 
(3 7). Therefore, taking this nonlinear relationship between 
a and Xe-CBF (Fig. 9B) into consideration may make 
linearization more effective. An investigation into this area 
is now in progress. 

In conclusion, we developed a model to describe the in 
vivo kinetic behavior of HMPAO in the human brain and 
then elucidated the kinetics of HMPAO using this model 
and dynamic SPECT. Quantitative measurement of CBF 
using HMPAO also appeared to be possible when our 
kinetic model was corrected for the single-pass extraction 
fraction. Our method, however, requires a relatively fast 
dynamic SPECT data acquisition and arterial blood sam- 
pling. Therefore, future studies will be aimed at the devel- 

opment of a simpler and noninvasive method for CBF 
quantification on the basis of the data presented here. 

APPENDIX 

The set of differential equations describing our kinetic model 
(Fig. 1) is as follows: 

dC{, 
- - =  KI .C~ - K2.C~ - K3.C~, Eq. AI 
dt 

dC~, 
= K 3 . C ~ ,  Eq. A2 

dt 

dC; 
= K5.Cal .  Eq. A3 

dt 

The total arterial concentration of the tracer (Ca) is given as 

Ca = C 1 + C h. Eq. A4 

Solving Equations A1, A2, A3 and A4 with the assumption that 
the initial concentrations are zero, we obtain 

K 2 + K 3  C~ = K1. .Ca(t) ® e -(K2+K3~ 
K2 + K3 - K5 

K5 
- K1. K2 + K3 - K5 .Ca(t) ® e -KS ', Eq. A5 

K3 C~, = - K  1. • Ca(t) ® e -(K-*+K3)t 
K2 + K3 - K5 

K3 
+ K1.  .Ca(t) ® e -KS ', 

K2 + K3 - K5 

Ca h = K5.Ca( t )  ® e -K~ t, 

c~' = c .  - CaL 

Eq. A6 

Eq. A7 

Eq. A8 

where ® indicates the operation of convolution and t is the time 
after injection of HMPAO. 
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