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The feasibility of simplified procedures for the quantification
of benzodiazepine receptor binding using ['Zlfomazenil and
SPECT was assessed. Methods: Six normal male volunteers
were studied. Following intravenous injection of 111 MBq
["Zlliomazenil, serial dynamic SPECT scanning was performed
for 120 min and the concentration of lipophilic compounds in the
arterial plasma was determined by chioroform extraction. Kinetic
parameters were estimated by a curve-fitting procedure using
the following four models: three-compartment, four-parameter
(K1-k4) (3C4P), three-compartment, three-parameter (fixed K1/
k2) (3C3P), three-compartment, two-parameter (fixed K1/k2 and
k4) (3C2P) and two-compartment, two-parameter (K1 and k2)
(2C2P). Kinetic parameters were also calculated by a table
look-up procedure with 3C2P using only two SPECT data ac-
quisitions. Parametric images were generated based on the
same procedure. Results: In all models, the curve-fitting proce-
dure gave similar outcomes for ligand transport (K,) and recep-
tor density parameters (i.e., binding potential or distribution vol-
ume). The 3C4P parameters showed significant correlation
between k, and k,, while 3C3P did not show such a correlation,
suggesting the stability of 3C3P. The 3C2P provided parameters
essentially identical to those with the 3C3P, indicating the suit-
ability of this model, while 2C2P gave similar distribution volume
but obviously low K,. Conclusion: Table look-up procedures
based on the 3C2P model permit quantification of benzodiaz-
epine receptor binding using ['Zlliomazenil with two SPECT
scans. This method may be of clinical value in the diagnosis of
various diseases.
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Iomazenil, an iodinated ligand for central-type benzo-
diazepine receptors, is an analog of flumazenil, which has
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been used for PET studies to investigate benzodiazepine
receptors (/,2). Iomazenil has favorable characteristics for
in vivo assessment of benzodiazepine receptors with
SPECT such as: high brain uptake, little nonspecific bind-
ing, high affinity for benzodiazepine receptors and no in-
trinsic pharmacological effects at tracer doses (3-6).

Various SPECT studies have demonstrated the clinical
feasibility of ['*Iliomazenil for the assessment of benzo-
diazepine receptors in the living human brain (7-12). Eval-
uation of the SPECT images, however, has been per-
formed mainly by visual inspection of the differences from
blood flow images or by semiquantitative approaches such
as the ratio of activities in regions of interest (ROIs). The
tissue activity of iomazenil is determined on the basis of at
least two independent factors, i.e., ligand transport and
receptor density/affinity, and as such, it is desirable to
assess these factors separately.

Quantitative assessment of benzodiazepine receptors
has been carried out using [''C]flumazenil and PET, as well
as ['ZI}iomazenil and SPECT, with multiple injections of
the ligand and the equilibrium method (/3-20) or with a
single injection and compartmental model analysis (2/-26).
The former provides receptor density (B,,,,) and affinity
(Kp), while the latter gives ligand transport (K;) and the
binding potential which is derived as B,,,,/Kp (27). The
latter approach appears to be more applicable in clinical
studies using iomazenil since its affinity is 10-fold higher
than that of flumazenil (3) and only a single injection is
required. Standard compartmental analysis, however, gen-
erally requires rapid serial data acquisition for a long period
and its application to routine clinical studies is limited.
Since imaging with ['®Iliomazenil itself can be per-
formed with conventional SPECT devices, simplified
techniques for quantitative assessment which do not
require rapid serial SPECT acquisition would be partic-
ularly useful.

In this study, we assessed the feasibility of such a sim-
plified technique using a two-parameter compartment
model that can determine receptor density and ligand
transport with only two SPECT scans.
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METHODS

Subjects

Six normal healthy male volunteers (aged 24-61 yr; weight,
53-79 kg) were studied. No subject had a history of brain disease,
psychiatric illness or abnormal findings in physical examinations,
routine laboratory tests, EEG or x-ray CT. All subjects gave
written informed consent before the study and received potassium
iodide to minimize thyroid uptake of free radioactive iodine.

Data Acquisition

Radiopharmaceuticals. lodine-123-iomazenil was supplied by
Nihon Medi-Physics Co., Ltd. (Hyogo, Japan). Each vial con-
tained 111 MBq '®I and 0.5 ug (1.2 nmole) iomazenil. The specific
activity was 2500 Ci/mmole, and the radiochemical purity was
greater than 95%.

Study Protocol. The study was approved by the Institutional
Review Board of Kyoto University Hospital. Each subject re-
ceived 111 MBq ['®IJiomazenil intravenously as a bolus within a
few seconds. Arterial blood samples were drawn manually at
5-sec intervals for the first 40 sec and subsequently at 50 sec and
1,1.5,2,3,5, 10, 20, 30, 60 and 120 min. The SPECT data were
acquired every minute for 120 min using a triple-head rotating
gamma camera with high-resolution, fanbeam collimators and 159
keV * 10% of the photo window in a continuous rotating mode
(40 steps/120°/60 sec).

Arterial Plasma Analysis. After separation of the plasma by

centrifugation, the lipophilic activity in the plasma was estimated.

by chloroform extraction. The chloroform extraction procedure
was conducted as follows:

1. Chloroform (1 ml) and saline (2 ml) were put into a glass tube
to which 0.5 ml of radioactive plasma was added.

2. After stirring, the aqueous fraction was removed and an
additional 2.0 ml of saline were added.

3. The mixture was stirred, and the aqueous fraction was again
removed.

Preliminary experiments confirmed that this procedure yielded
extraction rates of 97.3% and 0% for iomazenil and the de-ester-
ified compound, respectively. The results of chloroform extrac-
tion are listed in Table 1.

Free fraction of iomazenil (f,) was determined in vitro in a
similar manner to Zoghbi et al. (28). After aliquots of [**I}ioma-
zenil were added to the plasma sample from each subject, the
protein-bound fraction was determined by ultrafiltration with Ul-
trafree-C3 (Nihon Millipore Ltd., Tokyo, Japan) at 37° centigrade.
The f, value for the six subjects was estimated to be 0.24 = 0.02
(mean + 1 s.d.), which is compatible with the previously reported
value of 0.23 (25). The fixed value of 0.24 for f, was used through-
out this study.

Image Reconstruction and ROIs. The raw projection data were
added to make a total of 27 images (ten 2-min, nine 4-min and eight
8-min images). SPECT images were reconstructed by a filtered
backprojection algorithm with a Butterworth filter (cutoff fre-
quency: 0.25; power factor: 4) and displayed on a 64 X 64 matrix.
The pixel size was 4.5 x 4.5 mm, and the slice thickness was
7.1 mm. Attenuation correction was performed by assuming el-
liptical outline of the head in each slice and uniform attenuation in
the head (u = 0.06).

Camera sensitivity was measured using a cylindrical phantom
(16 cm diameter and 12 kBq/ml of >I) and the same acquisition
and reconstruction mentioned above. A calibration coefficient of
29.16 cpm/kBq was derived and the value was confirmed to be
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TABLE 1

Chioroform Extraction Ratio from Arterial Plasma
Chloroform
Time after extraction
injection ratio* (%)
30 sec 925 (4.1)
40 sec 929 (1.8)
50 sec 90.1 (5.4)
1 min 91.2(1.8)
1.5 min 88.2 (2.6)
2 min 824 (6.5)
3 min 57.2 (6.6)
5 min 30.6 (5.2
10 min 164 (2.3)
20 min 123(1.2)
30 min 11.2(1.0)
60 min 102 (1.4)
120 min 9.0(1.7)

*n = 6, mean (s.d.).

stable during these studies by separate phantom studies. The
attenuation coefficient 1 was empirically derived as the profile
curves of reconstructed images of the cylindrical phantom were
flat.

ROIs were outlined in three representative SPECT images cor-
responding to the level of the centrum semiovale (slice 1), basal
ganglia (slice 2) and cerebellum (slice 3). Irregular shaped ROIs
were placed on the frontal cortex (frontal 1), parietal cortex and
white matter/ventricle (WMYV) in slice 1; frontal cortex (frontal 2),
temporal cortex, occipital cortex, thalamus and striatum in slice 2
and the cerebellum and pons in slice 3. The average radioactivities
of the left and right hemispheres in each region were used for
calculation (except for the pons).

Data Analysis

Compartmental Model Analysis. Quantitative analyses were
performed using the three- and two-compartment models as de-
scribed for [!'Clflumazenil (21) and ['I]iomazenil (Fig. 1) (25).

The three-compartment model consists of the plasma compart-
ment (C,), the nondisplaceable tissue compartment (C,) in which
the ligand can be free or nonspecifically bound and the specifically
bound compartment (C;). Two major assumptions were made to
derive the equations below: (a) the equilibration of nonspecific
binding with the free ligand in compartment 2 is rapid compared to
the other processes and (b) ligand transport across the blood-brain
barrier (BBB) is based on passive diffusion.

The concentration of the lipophilic fraction in the plasma is
equal to that in the nondisplaceable compartment at equilibrium:

£,G =6G, Eq. 1

where f, is the free fraction of the parent compound in the plasma
and f, is the ratio of the free fraction to the total ligand concen-
tration in compartment 2. The equilibrium distribution volume of
the nondisplaceable compartment is:

v2=f__ Eq.2

resulting in an inverse relationship between f, and V,:
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FIGURE 1. Top: The three-compartment model where C, is the
arterial plasma compartment, C, is the free and nonspecific binding
compartment and C, is the specific binding compartment. Bottom:
The two-compartment model where C+ is the tissue compartment,
including free, nonspecific and specific binding. K,-k, represent the
rate constants describing ligand exchange.

Eq. 3

The ligand concentration in each compartment is given by:
dGy(t)

@ KiC®) — (k; + ky)Co(t) + k(C5(t),  Eq. 4
dG®)
@ k3Cy(t) — kyCa(t). Eq.5

Some kinetic parameters were defined as follows:

k —ﬁ Eq. 6
2RV, :
k3 = Kon Bmax f2, Eq.7

K¢ = Kogr- Eq. 8

The binding potential as described by Mintun et al. (27) can be
defined as:

Eq.9

The two-compartment model (Fig. 1) consists of the plasma
compartment (C,) and the tissue compartment (free, nonspecifi-
cally bound and specifically bound, C;), where rapid specific
binding in comparison to the ligand transport was also assumed.
The ligand concentration in the tissue compartment is given by

dCH(t)
49 = K;Cy(t) — kCrlt).

. 10
dt Eq

The equilibrium distribution volume of the tissue compartment
is:
1K,

distribution volume = — —

. 1
ik Fa.1

which is progressively affected by the specific binding.
Estimation of Parameters. Four fitting configurations were

used: three-compartment four-parameter fitting (3C4P); three-

compartment three-parameter fitting with a fixed K,/k, ratio
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(3C3P); three-compartment two-parameter fitting with a fixed
K,/k, ratio and fixed k, value (3C2P) and two-compartment two-
parameter fitting (2C2P). The fixation of K,/k, means that the free
and nonspecific distribution volume (V,) is assumed to be con-
stant among the regions. The fixed value of the K,/k, ratio was
determined to be 3.00 through the study as the average of the
values with 3C4P fitting in 14 of 30 cortical regions in which the
ratio was reasonably small. The fixation of k, corresponds to
assumption of a constant dissociation rate among the regions. The
fixed value of k, was determined to be 0.026 as the average of the
values in all 30 cortical regions with 3C3P fitting.

Estimation of the rate constants was performed on a personal
computer by a nonlinear least-square curve-fitting procedure us-
ing a simplex algorithm (29). A uniform set of initial values of
parameters was used in each configuration for all regions in all
subjects. Input functions were derived from the lipophilic activi-
ties in the arterial plasma using numerical interpolation. The vas-
cular activity in the ROI was neglected because it was estimated
to be less than 1% in cortical regions (by an observed brain-to-
blood ratio of 5.0 and an assumed CBV of 0.05 ml/g) even at 2 min
after injection. The goodness of fit was evaluated by Akaike’s
information criteria (30).

Simulation Studies. Simulation studies were performed to as-
sess the validity of two-parameter configurations. A set of six
brain time-activity curves were mathematically generated using
individual input functions (n = 6) and a certain parameter set (K,
- k,) with the 3C4P model. Multiple sets of time-activity curve(s)
were generated by changing one of K, (with fixed K,/k,), 1/k,, k;
and 1/k, from 25% to 175% of the corresponding baseline value.
The baseline values were the averages for 30 cortical regions (K,
= 0.26, k, = 0.087, k; = 0.23 and k, = 0.026). Then K, and
binding potential were estimated from the simulated time-activity
curve(s) and individual input functions with 3C2P or 2C2P and
compared with the original values. The effect of noise in the
time-activity curve(s) was not evaluated on the simulations.

Table Look-up Procedure. Parameter estimation was also car-
ried out by a table look-up procedure with the 3C2P configuration.
This procedure required two look-up tables (Fig. 2) with which K,
and k, were uniquely determined from the tissue activity in the
early scan (Bg), and the late-to-early activity ratio (B, /Bg).

The look-up tables were generated as follows: The tissue activ-

ities within the ‘‘early”’ and *‘late’’ SPECT scan, Bg and B, are
given by:
Bl [t
Bg = f f Ca(s)f(t — s) dsdt, Eq. 12
Tex JO
L [t
By = JT j C,(s)fit — s) dsdt, Eq. 13
T Jo

respectively, where Tg, and T, are the start- and end-time of the
early scan, T, , and T, , those of the late scan and f{t) the transfer
function given by Equations 4 and 5,

K, ) i
fit) = {(ks + kg = x)e ~ ' + (x; — k3 — ke T},
X2 —X)
where
X (kg + kg + ko) = (ko + ks + ko) — dkoky
12= )

2
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FIGURE 2. Graphical presentation of look-up tables. SPECT scan times were 12 (early scan) and 112 min after injection (late scan).

The computation of the tables consisted of the following steps:

Step 1: Possible sets of brain tissue activities within the
early and late scan were calculated with an individual arte-
rial input function and sets of K, and k; (from 0.02 to 1.00 at
0.02 intervals for both). This step gave two tables with which
Bg and B, /Bg were determined from K, and k.

Step 2: K, was determined by any sets of k; and By using
the former table and numerical interpolation, and then
B, /Bg by the K, determined and k;. This allowed the con-
stitution of two new tables: one table gave K, and the other
gave B, /Bg, from k; and Bg.

Step 3: The objective tables were generated by the man-
ner similar to Step 2; that is, B; was determined by sets of
K, and k;, then B, /Bg was determined.

The above procedures were carried out only once per subject.
Two 16-min SPECT data images were used to determine K, and
the binding potential. The midtime of the SPECT scan was as-
sumed to be 12, 16 and 20 min for the early scan and 112 min for
the late scan.

Parametric Images. Parametric images of K, and binding po-
tential were generated by the pixel-by-pixel table look-up proce-
dure with 3C2P on a workstation. Two 16-min SPECT images at
12 and 112 min (mid-scan time) after injection were used for
calculation. K, and binding potential given by ROI on the para-
metric images were compared with those by TAC in the same ROI
and 3C3P curve fitting to assess the validity of the images.

RESULTS

In general, 3C4P and 3C3P gave visually identical curve-
fits in all regions. The 3C2P also gave similar curves in the
cortical regions, but somewhat different curves in the re-
gions with low receptor density, such as the pons; 2C2P
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gave curves different from the three-compartment config-
urations and they showed poorer fit with the raw data,
especially in the region containing fewer receptors.

Table 2 compiles the kinetic parameter estimates with all
configurations. K, and binding potential were well identi-
fied. The order of regional binding potential values was
consistent with the known regional benzodiazepine recep-
tor density in the human brain measured in in vitro (3/) and
by PET (32,33); similar K, values were observed in the
cortical regions, thalamus, striatum and cerebellum.

3C4P identified K, and binding potential with coeffi-
cients of variation (CV) ranging from 13% to 21% and 7%
to 25%, respectively, while large CVs and remarkable dif-
ferences among the cerebral cortical regions were ob-
served in the parameter estimates of k, and k;. Moreover,
a strong positive correlation (r = 0.866, n = 30, p < 0.0001)
was observed between k, and k; in the cerebral cortical
regions.

3C3P gave estimates for K, and binding potential which
were similar to those with 3C4P. The AICs did not in-
crease, suggesting preservation of goodness of fit. The CVs
in K, and binding potential were not very different from
those with 3C4P while those in k; were markedly reduced
to 11%-38% from 29%-100% with 3C4P. No correlation
between k, and k; in the cerebral cortical regions was
observed (r = 0.233, n = 30, p = 0.215). Both 3C2P and
2C2P provided good estimates of the receptor density; the
correlation coefficients of binding potential by 3C2P and
distribution volume by 2C2P with binding potential by
3C3P were r = 0.990 and r = 0.993, respectively (n = 60).
Since distribution volume is the sum of the nonspecific and
specific distribution volumes, it is always larger than the
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lodine-123-lomazenil Kinetic Parameters for 3C4P, 3C3P, 3C2P and 2C2P Configurations

TABLE 2

Region
Frontal1 Frontal2 Occipital Temporal Parietal Thalamus . Striatum  Cerebellum WMV Pons
3C4P

K1 0.242 0.260 0.254 0.253 0.242 0.243 0.270 0.250 0.150 0.219
(17%)" (13%) (13%) (13%) (13%) (21%) (12%) (13%) (15%) (13%)
k2 0.048 0.082 0.047 0.057 0.071 0.063 0.085 0.053 0.061 0.120
(61%) (34%) (40%) (48%) (30%) (55%) (43%) (39%) (50%) (62%)
k3 0.125 0.217 0.151 0.173 0.216 0.131 0.168 0.130 0.095 0.074
(68%) (29%) (60%) (50%) (30%) (84%) (58%) (54%) (100%)  (78%)
k4 0.026 0.026 0.026 0.030 0.028 0.035 0.038 0.031 0.019 0.019
(23%) (17%) (26%) (25%) (14%) (74%) (17%) (15%) (33%) (30%)

BP 94 114 120 11 109 54 78 43 28
(11%) (7%) (14%) (12%) (7%) (23%) (6%) (13%) (25%) (8%)

%NSB 23 1 18 17 12 27 22 2 2 25
(55%) (35%) (50%) (46%) (35%) (45%) (44%) (27%) (33%) (35%)

AIC 55.1 554 613 55.7 53.6 75.7 712 573 64.5 75.1
acap (9%) (14%) (14%) (11%) (10%) (6%) (4%) (7%) (10%) (9%)
K1 0.260 0.264 0.274 0.268 0.249 0.253 0.277 0.267 0.152 0.192
(16%) (12%) (15%) (15%) (15%) (24%) (17%) (18%) (21%) (15%)
k3 0.225 0.229 0.258 0.262 0.235 0.194 0.189 0.214 0.058 0.036
(19%) (13%) (15%) (22%) (12%) (30%) (16%) (11%) (23%) (38%)
k4 0.027 0.025 0.025 0.028 0.026 0.046 0.042 0.032 0.017 0.016
(15%) (14%) (16%) (22%) (14%) (46%) (23%) (20%) (21%) (40%)

BP 105 116 129 119 112 56 57 85 45 28
(7%) (8%) (12%) (9%) (7%) (15%) (13%) (19%) (B0%)  (12%)

%NSB 1 10 9 10 10 19 18 13 23 31
(6%) (7%) (10%) (8%) (6%) (13%) (10%) (15%) (25%) (9%)

AIC 5§5.7 538 623 56.8 523 75.4 703 58.1 60.3 757
acop (7%) (15%) (10%) (10%) (10%) (6%) (5%) (8%) (11%) (8%)
K1 0.261 0.261 0.272 0.270 0.249 0.270 0.300 0.275 0.146 0.186
(16%) (11%) (14%) (15%) (15%) (20%) (16%) (17%) (20%)  (17%)
k3 0.220 0.238 0.266 0.247 0.233 0.126 0.130 0.183 0.077 0.045
(8%) (7%) (12%) (9%) (6%) (12%) (11%) (16%) (26%)  (22%)

BP 106 114 128 119 112 60 63 88 37 22
(8%) (7%) (12%) (9%) (6%) (12%) (11%) (16%) (26%)  (22%)

%NSB 1 10 9 10 10 17 17 13 26 37
(7%) (7%) (11%) (8%) (6%) (10%) (9%) (13%) (21%)  (14%)

AIC 54.7 527 60.9 559 515 748 721 574 61.7 755
2coP (6%) (16%) (10%) (11%) (10%) (7%) (5%) (4%) (9%) (8%)
K1 0.204 0.208 0.217 0.213 0.199 0.197 0.215 0.209 0.118 0.143
(13%) (9%) (13%) (13%) (12%) (16%) (12%) (14%) (18%)  (13%)
k2 0.008 0.007 0.007 0.007 0.007 0.013 0.014 0.010 0.011 0.020
(10%) (3%) (10%) (8%) (9%) (11%) (12%) (10%) (15%) (5%)

DV 110 118 133 124 116 65 66 92 44 30
(7%) (9%) (12%) (8%) (6%) (11%) (10%) (16%) (20%)  (13%)

AIC 68.2 69.4 69.4 67.8 64.9 791 76.8 703 733 854
(7%) (7%) (8%) (9%) (11%) (7%) (6%) (7%) (7%) (8%)

*Numbers in parentheses are coefficients of variance.

WMV = white matter/ventricle; BP = binding

distribution volume. Units = mUmirvmil for K1; 1/nmfofk2,|candk4 and mlml for BP and DV.
Values are the mean and coefficient of variance (cv = sd/mean) for parameter estimates.

; %NSB = percent of nonspecific binding; AIC = Akalke's information criteria; DV =

Quantification of lomazenil SPECT e Onishi et al.
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FIGURE 3. Relation between the estimated and true parameters are shown for K, and binding potential with 3C2P and for K, and
distribution volume with 2C2P, from left to right. Although each study included six simulations, the standard deviations were always nearly
zero, and only the mean values were plotted. (a) Effect of change in K, with fixed K,/k, (3.00), which corresponds to the change in the blood
fiow. 3C2P provided correct estimates, while 2C2P gave smaller K, as true K, increased. (b) Effect of change in k, which corresponds to
the change in receptor density. 3C2P provided correct estimates, while 2C2P gave slightly smaller K, as k, reduced. (c) Effect of change
in 1/, which corresponds to change in the inverse of the dissociation rate (predominantly the affinity). The results by 3C2P were significantly
affected, and smaller/arger K, and larger/smaller binding potential were given as 1/k, increased/decreased. While 2C2P showed the same
trends, the error in K, was less. (d) Effect of change in 1/k, corresponding to the change in nonspecific distribution volume (V,). Both 3C2P
and 2C2P gave remarkably smaller K, and almost correct binding potential as 1/k, decreased, while they gave quite stable results when 1k,

increased.

binding potential. 3C2P also provided good estimates of K,
(r = 0.982, n = 60), whereas 2C2P consistently gave lower
values for K, (r = 0.977, n = 60, but 28% lower than K, by
3C3P). AICs did not increase with 3C2P, whereas they
were obviously increased with 2C2P.

Figure 3 shows the results of the simulation studies,
which delineate the differences between 2C2P and 3C2P in
detail. 3C2P provided perfect estimations for K, and bind-
ing potential against the changes in K, and k;, where the
assumptions of the configuration were met. On the other
hand, 2C2P gave good distribution volume but markedly
lower K, estimates with the true K; becoming higher (high
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flow). In addition, estimates of K; by 2C2P were affected
by the change in k,. K, estimates by 3C2P were markedly
affected by the change in 1/k,, where assumptions of the
configuration were not met, while binding potential was
rather stable. K, and distribution volume by 2C2P fitting
were relatively stable against the change in 1/k,. Both
configurations showed similar responses to the change in
1/k, (proportional to V,, the nonspecific binding), i.e., K,
was markedly underestimated at <50% of the V, values,
while binding potential was correctly estimated.

The estimates of K, and binding potential given by the
data at two points (12 and 112 min postinjection) and the
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table look-up procedure with the 3C2P configuration cor-
related well with those from the whole 27 SPECT data and
curve fitting, as demonstrated in Figure 4. The delay in the
early scan time (16 and 20 min) also provided quite similar
binding potential estimates in all regions, as well as similar
K, in the cortical regions and cerebellum. Higher and lower
K, were given in the deep gray matter and pons/WMV,
respectively, with less than 5% error. Parametric images
generated by the table look-up procedure (Fig. 5) also
provided good estimates of K, and binding potential (Fig. 6).

DISCUSSION

Alterations of benzodiazepine receptors have been re-
ported in such pathological states as epilepsy (34-36), Alz-
heimer’s disease (37,38), Huntington’s disease (39-41),
schizophrenia (42-44) and ischemia (45). Sette et al. (46)
demonstrated preserved benzodiazepine receptor density
with suppressed blood flow and oxygen consumption in the
noninfarcted area in the baboon after transient ischemia
using PET. Their findings suggest the potential application
of measurement of the benzodiazepine receptor density as
a marker of the neuronal density in various disorders.

Iodine-123-iomazenil SPECT with compartmental anal-
ysis is a potential method for measuring ligand transport
(K,) and benzodiazepine receptor density (binding poten-
tial or distribution volume) at the same time. Ligand trans-
port is affected predominantly by the blood flow, and K,
may be used as a marker of the cerebral blood flow (CBF)
in clinical settings. Combination of K, and binding poten-
tial may permit assessment of the balance of the CBF and
the neuronal density.

Abi-Dargham et al. (25,26) documented compartment
analysis with ['*Iliomazenil and SPECT in healthy hu-
mans. Our results are quite consistent with theirs in terms
of the relative distribution of parameters. The absolute
values of estimated K, and binding potential in the present
study were less than their previous report (25) but were
compatible with their more recent one (26) except for the
value of f, fraction.

Quantification of neuroreceptors by compartmental
model analysis usually requires a long dynamic data acqui-

Quantification of lomazenil SPECT e Onishi et al.

sition time and frequent arterial sampling. Since ['>I]iom-
azenil can be used in many nuclear medicine facilities with
SPECT, a simplified procedure for quantitative measure-
ment of benzodiazepine receptors would have significant
clinical value. Simplification of the SPECT acquisition may
be achieved by two strategies: shortening of the scanning
time and reduction of the number of scans. Unfortunately,
['®Iliomazenil demonstrates slower washout from the
brain, and it was reported that at least 60 min of SPECT
data were required to yield stable parameter estimates (25).
We reached a similar conclusion in this study (data not
shown). Therefore, we tested another strategy in which
two parameters could be estimated from two SPECT data.

Late Image

Early Image

8 o

L!Lr(]

K1 (ml/min/ml) BP (mi/ml)

e o

0.00

0.28

FIGURE 5. Early and late SPECT images (upper) and paramet-
ric images of K, and binding potential generated from the two
SPECT images by the table look-up procedure and 3C2P configu-
ration (lower) in a representative subject. The early and late SPECT
images were reconstructed using 4-20 min and 104-120 min data
after injection of the ligand. The K, image had a strong resemblance
to known blood flow images, in which the deep structures such as
the thalamus and striatum were more clearly seen than in the early
SPECT image. The binding potential images were similar to the late
images.
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showed good correlation.

To develop a simplified technique for quantification of
['®Iliomazenil SPECT, we first compared four configura-
tions of the compartmental model, that is, 3C4P, 3C3P,
3C2P and 2C2P. In general, all configurations provided
reasonably acceptable K, and binding potential (distribu-
tion volume) values: similar K, values were obtained in the
cerebral cortex, cerebellum, thalamus and striatum, and
the order of regional binding potential (or distribution vol-
ume) values was consistent with the known benzodiaz-
epine receptor density (3/-33). A significant amount of
distribution volume measured in the regions with a lack of
benzodiazepine receptors, such as the pons and white mat-
ter, was probably due to the scattered radiation and the
limited spatial resolution of the SPECT images.

The most complex configuration, 3C4P, gave larger in-
tersubjective and interregional variations in parameter es-
timates of k, and ks, even in the cortical regions, and a
strong correlation between the two parameter estimates.
These results suggest that the number of parameters is too
large for the statistical quality of these studies.

3C3Pis derived by assuming the free and the nonspecific
distribution volume to be constant among the regions. We
assumed a uniform value, 3.00, for K,/k, in all the subjects.
This value gave a nonspecific binding fraction of about 10%
in the cortical region, which is roughly comparable to the
values previously reported in humans with the displace-
ment study (2) and with compartment model analysis in the
equilibrium state (25). 3C3P well identified three individual
parameters, K, ki, and k,, with reasonably small CVs. K,
and binding potential by 3C3P were close to those by 3C4P.
These findings support the validity of applying a uniform
K,/k, value to all of the subjects, and we regarded the
results from the 3C3P configuration as the reference stan-
dard in the considerations below.

Further simplification was attempted using the 3C2P and
2C2P configurations. The former model was derived by
assuming a uniform dissociation rate (k,) in all regions and
subjects, while the latter model was derived by assuming
the specific binding to be rapid compared with the ligand
transport.

3C2P provided parameter estimates very close to those
with 3C3P. Although slight under- or overestimation oc-
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curred for the deep gray matter, white matter and pons
simply because the mean value of k, in the cortical regions
was used in the other regions, the degree of error was
acceptable and these results support the validity of this
configuration for the normal brain.

2C2P also provided good estimation of the receptor den-
sity (distribution volume) unless the degree of the curve
fitting was not as good as 3C2P. The ligand transport (K,),
however, was markedly underestimated. The reason for
this underestimation is probably that the specific binding is
not very rapid and thus cannot be included in a single
compartment, as described by Koeppe et al. (2/) with
["'Clflumazenil.

The simulation studies further characterized the differ-
ences between these two simplified configurations. Both
configurations generally gave good estimates of the recep-
tor density. When the ligand transport (K,) and/or the
receptor density (k;) changes, and when nonspecific bind-
ing increases (k, decreases), 3C2P provided more correct
estimates of K, than 2C2P. In contrast, 2C2P provided
more reliable estimates than 3C2P did when k, (k, repre-
sents the dissociation rate constant (k,s) and is thus
strongly related to ligand-receptor affinity) changed. Un-
changed Kj has been reported in patients with epilepsy
(35) and in rats under antipsychiatric treatment (47) and, to
our knowledge, specific changes in the affinity of benzo-
diazepine receptors have not been reported.

The substantial limitation of 2C2P is that the degree of
the underestimation of K, depends on the magnitude of K,
itself. Underestimation of the blood flow and overestima-
tion of the neuronal density (receptor density/ligand trans-
port) may occur when using K, as a marker of the blood
flow and distribution volume as a marker of the neuronal
density. Therefore, 3C2P is recommended for diseases in
which little change in the affinity is expected, such as
ischemia and degenerative diseases, while 2C2P is recom-
mended if the affinity is expected to change, for example,
in patients on benzodiazepine medication.

Once the number of independent variables is reduced to
two, both the ligand transport and the receptor density can
be estimated using a precalculated look-up table with the
2-parameter model (48). In contrast to the standard curve-
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fitting procedure which usually requires serial rapid
SPECT data over quite a long time, one can get not only
regional kinetic parameters but also parametric images us-
ing only two SPECT images. The estimates of K; and
binding potential determined by the look-up procedure
with the 3C2P configuration were identical to those by the
curve-fitting method, and similar estimates were obtained
even if the scan time varied, suggesting the possible appli-
cation to conventional rotating SPECT devices. Moreover,
parametric images for K, and binding potential were easily
obtained, and they also provided good parameter esti-
mates. All these findings support the validity of this meth-
odology.

Of course, there are some practical problems to be
solved before this method can be applied routinely. For
example, the registration of two separate SPECT images
and the need for frequent arterial blood sampling. The
former problem has been extensively studied by many
investigators (49-51). Concerning the latter, dramatic sim-
plification would be possible if external monitoring of the
blood activity is feasible, or standardized input function is
successfully determined as demonstrated by lida et al.
(48,52) with ['*I]N-isopropyl-p-iodoamphetamine.

CONCLUSION

Iodine-123-iomazenil SPECT imaging with compartmen-
tal analysis was used for simultaneous determinations of
ligand transport and receptor density. Simplification of the
model by reducing the number of individual parameters to
two allowed the quantification of benzodiazepine receptors
on the basis of only two SPECT scans. Combining the
3C2P configuration and the table look-up procedure pro-
vided reasonably accurate parameter estimates and may
allow the application with conventional rotating SPECT,
which would be useful for quantitative assessment of ben-
zodiazepine receptors in clinical settings.
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