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The in vivo binding kinetics of [''Cliomazenil, a central benzodiaz-
epine antagonist, were analyzed using PET and com

modeling. This method is of interest because it allows validation of
the SPECT tracer ['?*lJiomazenil. Methods: The experimental pro-
tocol consisted of serial PET imaging following a single bolus
injection of the radioligand. Imaging was performed on five healthy
young volunteers over 106 min. The tissue time-activity curves of
various brain regions were analyzed with models consisting of two
(K1, k2" and three (K1, k2’, k3’, k4) compartments. Some of the
methods use simultaneous fitting of the data from multiple brain
regions coupled with common parameters. Distribution volumes
and k3-based parameters [(K1/k2') k3’ and k3')] were chosen to
represent receptor density. Goodness of fit was assessed with
F-test statistics and chi-square analysis. Results: Compared with
the two-compartment model, goodness of fit was significantly
improved by all three-compartment configurations. Of the three-
compartment models, goodness of fit was similar for the configura-
tions with K1/k2’, k4 or no parameter coupled, and slightly worse
when both parameters were coupled. The most reliable estimates of
receptor density were obtained from the specific distribution vol-
umes (DVs) calculated with the three-compartment model, and the
coupling of k4 or both k4 and K1/k2'. Due to oversimplification of the
kinetics, the DV values calculated with the two-compartment model
were underestimated. Conclusion: Reliable quantitative information
regarding benzodiazepine receptor density following bolus injection
of iomazenil is best obtained by tracer kinetic modeling that uses a
three-compartment model and parameter coupling.
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Changes in central benzodiazepine receptor density have been
reported in various neurologic disorders such as epilepsy (/-6)
and neurodegenerative diseases. Until recently, the quantitative
in vivo assessment of neuroreceptor status required PET. A
suitable PET ligand for benzodiazepine receptors is [''C]-
flumazenil and its binding kinetics have been evaluated by
different groups extensively (7-9). It appears that quantitative
evaluation of neuroreceptors is also possible with the less
expensive and more widely available latest generation of
SPECT cameras. The methods formerly restricted to PET have
been successfully applied to the evaluation of the binding
kinetics of ['?’I]-iomazenil measured with SPECT in animals
(10,11) and in humans (/2). Since PET is still the gold standard
in quantitative imaging, however, analogous SPECT procedures
have to be carefully validated. To allow a direct PET-SPECT
comparison, we labeled iomazenil with ''C and '*’l and
performed binding studies with both modalities in a group of
healthy young volunteers. The purpose of this part of the study
was to evaluate different receptor related parameters derived
from two- and three-compartment models for the quantitation of
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[''Cliomazenil benzodiazepine receptor binding with PET.
Some of the methods use simultaneous fitting of the data from
multiple brain regions in conjunction with coupled parameters.
This approach was successfully applied to cardiac ''C-acetate
studies by Raylman et al. (/3).

MATERIALS AND METHODS

Theory
The following derivations follow the work by Koeppe et al. (9).

Compartmental modeling of receptor ligand usually starts with
model as shown in Figure 1, which consists of four compartments
corresponding to extractable ligand in arterial plasma (Cp), free
ligand in tissue (Cf), ligand bound nonspecifically (Cns) and
specifically (Cs). The following six rate constants describe the
exchange of ligand between the different compartments:

K1 =CBF X E[mlg™' min~'] Eq. 1
k3 = kon Bmax [min~'] Eq.2

k4 = koff [min~'] Eq.3

Kd = koff/kon Eq. 4

k3/k4 = Bmax/Kd, Eq. S

where K1 = blood-to-brain transport of ligand, CBF = mass
specific blood flow (ml g”' min~'), E = first-pass extraction
fraction, kon = bimolecular association rate between ligand and
receptor, Bmax = density of unoccupied receptors, koff = disso-
ciation rate of ligand from receptors, and Kd = equilibrium binding
constant for specific receptor sites. When there is rapid equilibra-
tion between the free and nonspecific compartment, model a can be
reduced to model b.

The following relationships exist between the rate constants of
models a and b:

k2' = k2/(1 + k5/k6) = K1/DV' = KI/DVf(1 + k5/ké6)
= KI1/DVf + ns
k3’ = k3/(1 + k5/k6) = kon Bmax/(1 + k5/ké), Eq.7

where DV’ = DVf(1 + k5/k6) = DVf+ns is the summed
distribution volume of the free and nonspecifically bound ligand.

The distribution volume (DVs) of the specifically bound ligand
is defined as:

Eq. 6

DVs = (K1/k2’) (k3'/k4). Eq. 8

As described by Mintun et al. (/4), DVs can be expressed in terms
of the binding potential (BP = Bmax/Kd):
DVs = (K1/k2’) (k3'/k4) = K1/k2 k3/k4
= K1/k2 Bmax kon/koff = K1/k2 BP. Eq. 9

Assuming passive diffusion of iomazenil across the blood-brain
barrier, K1 is equal to k2 if no protein binding occurs in the plasma.
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With protein binding, K1/k2 represents the fraction of free ligand
in plasma (f1) when the total ligand in plasma (free plus protein-
bound) is taken as the input curve:

K1/k2 = f1, or k2 = K1/f1 Eq. 10

The combination of Equations 9 and 10 yields the following
relationship between DVs and BP

DVs = f BP Eq. 11

Another potentially useful parameter related to receptor density is
(K1/k2') k3'. Inserting k2 and k3 from Equations 6 and 7 yields the
following relation:

(K1/k2') k3’ = (K1/k2) k3 = (K1/k2) Bmax kon
or, considering Equation 10:

(K1/k2’) k3’ = f1 Bmax kon. Eq. 12

Moreover, if there is rapid equilibration between the two tissue
compartments of model b and model a, further reduction to model
c is possible.

k2" = k2'/(1 + k3'/k4) = k2/[(1 + k5/k6)/(1 + k3'/k4)]
= k2/(1 + k5/k6 + k3/k4) = K1/DV”,

where DV” = KI1/k2" = DVf + DVns + DVsp is the total
distribution volume of ligand in tissue.
Chemistry

Carbon-11-iomazenil was prepared as previously described (/5).
Briefly, [''C]methyliodide ([''C]-Mel) was prepared from [''C]-
CO, by reduction with LiAlH, in dry THF and, after removal of the
THF, subsequent reaction with HI. The [''C]-Mel was reacted with
demethyl-iomazenil in 200 ul DMF with NaH for 2 min at 70°. The
[''C]Mel was purified by HPLC over Nucleosil-C18, 10 p, 250 X
8 mm (Knauer) eluting with 65 mM H,PO,/acetonitrile (69/31).

Chemical and radiochemical purity and specific activity were
assayed by analytical HPLC with 65 mM H;PO,/acetonitrile
(60/40) over Nucleosil-C18, 10 u, 250 X 4 mm. The amount of
iomazenil carrier was determined by comparing the UV signal with
a standard value.
Subiect

Five healthy university students (aged 20-23 yr) were recruited
for participation in the study. None had a history of psychiatric or
neurological disorders or drug abuse. Informed consent was ob-
tained from all patients and the study was approved by University
Hospital.
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PET

PET imaging was performed on a scanner with 7-8 mm
reconstructed resolution. Data from four rings were acquired
simultaneously, thereby allowing the reconstruction of seven
planes with a slice-to-slice separation of 8 mm.

Head motion during scanning was restricted by the use of an
individually fitted polyurethane mold. After placement of a radial
artery and cubital vein catheter, the subjects were positioned supine
in the scanner with their eyes and ears unoccluded. Before
radioligand injection, a 10-min transmission scan was obtained to
correct for attenuation. Scanning was performed parallel to the
orbitomeatal line with a field of view of 5.6 cm. The inferior border
was positioned 3 cm above the orbitomeatal line. After intravenous
injection of 111-222 MBq (3-6 mCi) [“C]iomazenil as a slow
bolus over 4.5 min with an infusion pump, dynamic PET scans
were obtained: four 1-min, three 2-min, three 7-min, five 10-min
and one 15-min.

Timed arterial blood samples were withdrawn into heparinized
syringes every 30 sec for the first 6 min, followed by progressively
longer time intervals until the end of the scanning period.

Blood and Plasma Analysis

Blood samples at 1, 2, 3,4, 5, 6, 8, 10, 14, 20, 30, 40, 60, 75 and
90 min were analyzed for metabolites using chloroform separation.
After centrifugation, 0.5 ml plasma was a¢lded to an equal volume
of borate buffer (0.1 M H;BO,/NaOH, 0.05 M KCl, pH = 11) and
1 ml chloroform. After vortexing for longer than 1 min, the sample
was centrifuged for 7 min at high speed at 15°-20°, after which a
0.5-ml water layer and a 0.5-ml chloroform layer were pipetted and
counted. At the chloroform-water boundary, a solid phase of
denatured protein was found in the chlotoform layer which was
also counted in three cases. The amount of nonextractable protein-
bound radioactivity was also calculated by subtracting the activity
in the water and chloroform layers from the total activity counted
in the plasma layer.

The radioactivity in the chloroform layer represented the amount
of authentic plasma iomazenil Cp and was confirmed by HPLC
analysis (Nucleosil-C18, 10 w, 250 X 4 mm, eluting with 65
mmole H,PO,/acetonitril [60/40]) of the chloroform and water
layers of the 5- and 10-min samples (/2). An on-line high
sensitivity radioactivity detector was used in series with a UV
detector.

Data Analysis

The plasma data (well counter units, ¢pm) were expressed in
scanner units by doing a calibration measurement using a 20-cm
cylindrical phantom. '

Emission data were then attenuation-corrected and reconstructed
on a 128 X 128 matrix using filtered backprojection (Hanning
filter), which yielded seven transaxial slices with a slice-to-slice
separation of 8-mm.

Regions of interest (ROIs) were defined over the occipital,
frontal, lateral, temporal and cerebellar, cortices, the striatum;
thalamus and pons, and the corresponding tissue time-activity
curves were calculated.

Five different model configurations were implemented for anal-
ysis of the regional iomazenil kinetics. The most simple configu-
ration was the two-compartment model (model c), while the most
complex was the three-compartment model (model b). The other
three configurations were based on the three-compartment model
with different combinations of parameter constraints. The different
methods are summarized in Table 1. In methods B, C and D, the
value of the coupled parameters was determined by fitting model b
to the data of all regions, with the exception of pons, with the
condition that the coupled parameters be the same for all the
regions. Data from the pons were not included because of noise.
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TABLE 1

Fitting Strategies
No. of Coupled Receptor-related
Method compartments Model parameters  outcome measures

A 2 c None bV’

B 3 b KiA2', k4 DVs, K1/k2' X k3', k3’
C 3 b KiA2' DVs, K1/k2' x k3’, k3’
D 3 b k4 DVs, K1/&2' X k3', k3’
E 3 b None DVs, K1/Kk2' x k3’, k3’

The parameter values for the pons were then separately calculated
with the coupled parameters that were fixed to the values calcu-
lated with the fit to other regions. Since the total activity measured
in a region is composed of counts from tissue and blood, all models
contained a parameter (a) to correct for blood activity:

CROI = (1 — a) CT + a Cblood,

where CROI = PET counts in a ROI, « = the percentage of
intravascular space in tissue, CT = iomazenil counts in the
extravascular compartment and Cblood = total blood activity.
Parameter a was fixed to 5%.

Measures for Receptor Density

In the two-compartment model, the total distribution volume
(DV") was considered an acceptable measure for receptor density if
specific binding was high compared to nonspecific binding. In the
three-compartment model, the distribution volume of the specific
compartment (DVs), parameter k3’ and the combination K1/k2' X
k3' were calculated. DVs is closely related to the binding potential
shown in Equation 11. Parameter k3’ will be a good measure of
kon Bmax if there is not much variation in nonspecific binding
(e.g., k5/k6 is relatively constant, Equation 7). Parameter K1/k2' X
k3’ is directly proportional to konBmax if the fraction of free
iomazenil in plasma is relatively stable (Eq. 12).

Assessment of Methods
Several criteria were used to assess the quality of the methods.
Goodness-of-fit. The goodness-of-fit of the different models was
compared using F-test statistics and chi-square analysis.
Identifiability of the Kinetic Parameters for Full Study Duration.
The identifiability of the parameter estimates was assessed by
means of a Monte Carlo simulation. For each model and ROI,
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2
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) 0 80 0 40 80
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S plasma lsmasend
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FIGURE 2. Tissue time-activity curves of an occipital and cerebellar region
and fit with the two- and three-compartment models with no parameter
constraints.
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simulated time-activity curves were generated by adding pseudo-
Gaussian noise with a s.d. of 10% to the model-predicted values of
the time-activity curves at the time-points of the scans. These
simulated curves were then refitted with the corresponding model.
The coefficient of variation (s.d./mean) from 60 runs was taken as
a measure of identifiability. Another measure for stability is the
coefficient of variation among the five subjects.

Sometimes the diagonal of the covariance matrix is used as a
measure for identifiability. Limitations of this method include the
fact that the values represent a linear approximation to an inher-
ently nonlinear problem, and that combinations of parameters
cannot be evaluated. These limitations, however, are avoided by
the Monte Carlo simulation.

Stability of the Kinetic Parameters Versus Study Duration. For
methods A and E (two- and three-compartment models with no
parameter constraints) the stability of the parameters as a function
of study duration was estimated by consecutively shortening the
fitting interval.

RESULTS

Specific activity ranged from 11 to 25 Ci/mmole. Receptor
occupancy was estimated as follows: maximum uptake of [''C]
activity in the different regions was determined in (Bgq/ml) and
assumed to represent specific binding of iomazenil to receptors.
Bmax in occipital cortex was assumed to be 160 nM (/2). These
assumptions yielded an estimate of occipital receptor occu-
pancy ranging from 10% to 22%.

Figure 2 illustrates the improvement of the fit in occipital
cortex and cerebellum with the three-compartment model (no
parameter constraints) compared to the two-compartment model.
In both regions, although more pronounced in the cerebellum,
there is considerable bias in the fit with the two-compartment
model which is completely removed by the three-compartment
model.

Reduced chi square analysis (adjusted for degrees of free-
dom) as a measure of goodness-of-fit is shown for the different
methods in the cerebellum and occipital cortex in Table 2. In all
regions except the pons, F-test statistics demonstrated a highly
significant reduction in the sum of squares (p < 0.01) for all
methods using three compartments compared to the two-compart-
ment model. Among the methods using the three-compartment
model, there was still a significant difference between method B
and method E, but not between methods C or D (constraining 1
parameter) and E (no parameter constraints).

Table 3 summarizes the fitting results for the receptor-related
parameters derived from the different methods. In the receptor-
poor regions pons and striatum, method C yielded physiologi-
cally meaningless values for k3’, k4, and subsequently DVs and
K1/k2" X k3’, in two subjects.

Table 4 demonstrates the values for the transport-related
parameter K1, the nonspecific distribution volume DV’ and k4

TABLE 2
Goodness-of-fit in Occipital Cortex and Cerebellum
Chi square (reduced)
Region A 8 c D E
Cerebellum Mean 1.64 0.36 0.32 0.27 0.20
%COV 59 55 65 3 38
Occipital Mean 057 032 027 027 025
%COV 102 102 82 106 74

%COV = percentage coefficient of variation (s.d/mean x 100) among the
five subjects.
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TABLE 3
Estimates for Receptor-Related Parameters

DV’ Dvs Dvs Dvs Dvs K1/Kk2' x k3’ k3’
Region A B C D E B C D E B Cc D E
Cerebellum  Mean 133 108 116 95 107 0.56 0.48 0.47 041 0.16 0.14 0.10 0.09
% COVsub 334 335 29.2 302 259 49.7 53.9 36.9 491 564 48.3 211 147
% COVsim 3.7 6.2 9.4 55 304 84 14.6 43 214 110 14.2 42 279
Frontal Mean 202 184 18.8 17.7 1841 0.95 0.88 0.88 085 0.28 027 017 0.18
% COVsub 249 249 27.7 284 323 416 29.6 35.7 305 461 240 213 137
% COVsim 5.1 6.6 89 79 116 9.1 174 73 185 113 16.8 72 1441
Occipital Mean 257 238 244 20 227 1.22 1.26 1.05 116 036 0.37 019 020
% COVsub 205 199 23.6 182 261 37.7 49.3 33.8 381 460 26.6 175 1563
% COVsim 59 6.7 9.1 68 143 10.0 164 6.3 265 118 16.5 35 315
Pons Mean 37 26 1.46" 11 29 0.23 0.14* 0.24 024 0.1 0.03" 006 0.10
% COVsub 917 890 14814 1870 677 15560 216.0° 1560 1543 880 2095* 1050 76.8
% COVsim 35 341 2172 89.2 129 38.2 56.4 89.9 141 463 64.4 899 213
Striatum Mean 6.4 35 5.88" 4.7 4.7 0.18 0.19 0.23 026 0.05 0.06" 005 0.10
% COVsub 551 892 34.0 568 634 1020 92.8* 66.4 573 86.1 88.0" 306 298
% COVsim 33 248 34.1 108 135 25.9 23.6 10.0 206 272 240 176 416
Temporal Mean 203 19.0 195 166 17.0 0.88 0.88 0.78 080 0.30 0.30 013 0.13
% COVsub 218 236 28.0 265 337 36.3 384 30.0 330 490 294 25 165
% COVsim 5.2 7.0 8.2 85 186 10.5 153 76 282 129 149 74 289
Thalamus Mean 8.6 6.1 6.3 6.6 6.8 0.31 0.34 0.33 038 0.09 0.10 008 0.10
% COVsub 292 377 214 304 233 443 53.1 409 47.7 545 62.4 473 233
% COVsim 33 77 124 65 152 9.5 174 4.7 175 124 16.8 765 235
High/Low 352 499 433 454 4.02 424 443 3.35 322 376 491 256 1.73

*Mean and % COV sub of only three subjects; in two subjects the values were physiologically meaningless.
Mean = mean values of the five subjects; % COV sub = percentage coefficient of variation (= s.d/mean X 100) among the five subjects; % COV sim
= mean of the % COV derived from the Monte Carlo simulation in the five subjects; high/low = (occipital + frontal + temporal)/(pons + striatum + thalamus).

Values for DV are given in ml g, K1/k2’ X k3’ inmi min~" g~' and k3’ in min~".

1

as calculated with the different methods. Also indicated is the
coefficient of variation among the subjects (%COVsub) and the
mean of the coefficient of variation determined in the Monte
Carlo simulation (%COVsim).

The effect of shortening the study duration on parameters
DV” (two-compartment model) and k4 (three-compartment
model, no parameter constraints) is demonstrated in Figure 3,
upper panel. There is considerable underestimation of DV” for
study durations less than 100 min. This effect is due completely
to the application of the over-simplified two-compartment
model to data generated with the three-compartment model. The
lower panel of Figure 3 demonstrates the identifiability of k4 as
function of study duration. The result of 60 runs of a Monte
Carlo simulation, in which tissue-time activity curves were
generated with the three-compartment model (same parameters
as in the left panel) and the addition of 10% pseudo-Gaussian
noise is shown. The estimation of k4 becomes unstable for
study durations less than 70 min. Accordingly, the estimation of
the distribution volume DVs, which is critically dependent on
k4, showed the same trend.

DISCUSSION

To deduce information on receptor density from the kinetic
analysis of binding data, it is important to estimate what fraction
of the available receptors became occupied by the injected
ligand. If that fraction is negligible, parameter k3 reflects the
product of Bmax and kon. If considerable receptor occupancy
occurs, however, the amount of receptors available for binding
becomes time-dependent and k3 will be reduced. The specific
activity of our iomazenil was relatively low and the estimation
of receptor occupancy shows that receptor occupation in the
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range of 10%-20% may have occurred. It is therefore possible
that the k3’ estimates and the parameter combinations related to
it are underestimated by a similar amount. Such a systematic
bias, however, should not severely affect the evaluation of the
model alternatives and outcome measures for receptor density.
The relative performance of the various methods tested can be
evaluated through comparison of the parameter estimates pre-
sented in Tables 3 and 4.

Two-Compartment Versus Three-Compartment Model
Goodness-of-fit. Visual analysis of the fit in a cerebellar and
an occipital region reveals evident bias in the fit with the
two-compartment model (Fig. 2). Since the exchange of ligand
between the nonspecific and specific compartments is faster in
the areas with high receptor densities, these compartments tend
to act kinetically more like one compartment in the receptor-
rich areas. This explains why bias is more pronounced in the
cerebellar rather than the occipital cortex. Evaluation of the
goodness-of-fit by chi square analysis demonstrates the same
result. The reduction in chi square when using the three-
compartment model with no parameter constraints compared to
the two-compartment model is more pronounced in the cere-
bellar than occipital cortex (90% versus 60% reduction, Table
2). The same tendency was also observed for flumazenil (9).
This bias leads to an underestimation of K1 and DV values with
the two-compartment model. The underestimation of DV"
values is not evident from the numbers in Table 3, since the
distribution volume of the two-compartment model represents
specific plus nonspecific binding, wheteas DVs of the three-
compartment model are assumed to reflect only specific bind-
ing. One can also calculate the distribution volume of total
tissue binding with the three-compartment model [DVtot3comp
= K1/k2' (1 + k3'/k4)]. Linear regression yielded: DV"2comp
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TABLE 4
Estimates of K1, DV’ and k4

K1 DV’ k4
Region A B C D E B C D E B o] D E
Cerebellum  Mean 029 037 038 035 036 35 336 434 459 0.051 0.041 0.050 0.040
%COVsub 205 390 386 208 303 344 305 485 410 310 344 315 38.2
% COV sim 26 43 44 43 8.0 42 32 50 103 8.8 21.0 45 33.6
Frontal Mean 030 038 038 037 039 35 336 446 400 0.051 0.050 0.050 0.051
% COVsub 265 307 342 352 400 344 305 310 404 310 30.6 315 315
% COV sim 26 43 44 43 8.0 42 3.2 9.1 9.2 8.8 203 45 274
Occipital Mean 034 042 043 038 041 356 336 577 558 0.051 0.053 0.050 0.059
% COVsub 248 257 324 2741 285 344 305 235 269 310 471 315 403
% COV sim 27 4.6 5.0 37 6.6 42 32 56 238 8.8 20.1 45 389
Pons Mean 023 032 02 019 032 35 336 3 152  0.051 0.020* 0.050 0.062
%COVsub 413 450 535 410 359 344 305 431 719 310 154.1° 315 76.0
% COV sim 34 9.0 5.2 35 8.7 42 32 35 118 8.8 20.1 45 189
Striatum Mean 024 029 029 031 0.31 356 336 295 242 0.051 0.036* 0.050 0.060
% COVsub 313 400 385 332 341 344 305 356 381 31.0 94.6" 315 313
% COV sim 3.0 3.8 42 5.1 6.0 42 32 84 119 88 1221 45 354
Temporal Mean 028 035 036 032 032 355 336 579 590 0.051 0.048 0050 0.058
% COVsub 234 2741 317 2541 264 344 305 168 162 310 46.7 315 46.3
% COV sim 25 44 48 3.7 75 42 32 9.2 9.0 8.8 19.1 4.5 45.5
Thalamus Mean 029 039 038 047 042 355 336 319 268 0.051 0.051 0050 0.057
% COVsub 349 467 412 670 447 344 305 658 432 310 452 315 323
% COV sim 29 46 43 5.2 6.9 42 3.2 63 100 8.8 244 45 243

*Mean and % COV sub of only three subjects; in two subjects, the values were physiologically meaningless.

Values for K1 are given in ml min~' g™* and k4 in min~".

= 0.90 DVtot3comp — 0.11, r = 0.99 (all regions, all subjects),
which demonstrated a 10% underestimation of DV with the
two-compartment model.

Parameter Identifiability. The coefficient of variation calcu-
lated with the Monte Carlo simulation ranged from 2.5%-3.4%
for K1 and 3.3%-5.9% for DV". These values are clearly the
lowest of all methods, thereby demonstrating that the two-
compartment model yields the most stable estimates of K1 and
DV”.

Estimates of Kinetic Parameters Versus Scan Duration. The
underestimation of DV” is furthermore dependent on scan
duration, as DV” underestimation gets progressively more
pronounced in scans of less than 100 min (Fig. 3, upper panel).
This is in agreement with results from experiments in monkeys
that demonstrated similar underestimation in scans of less than
120 min (/6).

With the three-compartment model, the critical parameter
with regard to identifiability turned out to be k4 (Figure 3, lower
panel). With less than 70 min of data, the coefficient of
variation increased remarkably. With SPECT and the same
model, an overestimation of the binding potential was demon-
strated for scan durations less than 50—60 min (/2).

All these considerations indicate that the two-compartment
model is not complex enough to accurately reflect the kinetics
of iomazenil, even in the areas with high receptor density. This
is in contrast to flumazenil, where the two-compartment model
was sufficient to describe the kinetics, except in areas with very
low receptor densities (9). That difference is probably due to
the considerably higher dissociation rate k4 of flumazenil
(0.12-0.41 versus 0.04-0.06 min~') that allows a faster
exchange of ligand between the nonspecific and specific com-
partments. The longer minimal scan duration required to obtain
stable DV” values is a further disadvantage of the two-
compartment model. Based on these observations, the two-
compartment model is considered less suitable to derive accu-
rate receptor estimates than a three-compartment configuration.

ANALYSIS OF CARBON-11-IoMAZENIL BINDING KINETICS « Buck et al.

Three-Compartment Models

For the transport parameter K1 identifiability is somewhat
better for the models with parameter constraints compared to
the full three-compartment model (%COV 4.3%—4.4%, for
methods B-D versus 8% for method E, Monte Carlo simula-
tion).

Range of Receptor-Related Parameters. The range of recep-
tor related parameters K1/k2 X k3’ is compressed with method
D and E, of parameter k3’ with methods B, D and E (ratio of
DVshigh/DVslow <3). Based on this observation, these com-
binations of parameters and methods seem unsuitable for the
estimation of benzodiazepine receptor density and are not
further discussed. For the remaining combinations the ratio
ranges from 4.02%—4.99%.

Identifiability of Parameter Estimates. Of the combinations
of parameters and methods with a range >4, parameter DVs
displays a smaller coefficient of variation than K1/k2 X k3’ or
k3'. For DVs the methods with parameter constraints show less
variability in all regions, except in the pons and the striatum,
than method E, which had no parameter constraints. Method C,
which constrains the nonspecific distribution volume DV’ to a
common value, shows an exceedingly high coefficient of
variation of 217% in the pons. In two subjects the method
yielded even physiologically meaningless values for DVs. A
likely explanation was previously described.

In the areas with medium-to-high receptor densities, DVs
estimated with methods B and D show a lower coefficient of
variation compared to method C. Based on this finding, and the
earlier observation that the range of DVs is higher than the one
of k3’ and K1/k2’ k3', DVs values derived from methods B and
D are considered to yield the most accurate estimates for
receptor densities.

Goodness-of-fit. Among the three-compartment configura-
tions, there is still a small but significant (F-test) difference
between methods B and E, but not among methods C, D and E.

703



30-
ssusause
FLl
= 201 - ="
o -
E .
l> L ]
n ‘0-
o v v 1
0 100 200
minutes of data included in fit
0.2
[
-
£
E 0.1
= { }
iiiiii.!!i
3
0.0 v v L
0 100 200
minutes of data included In fit

FIGURE 3. Stability of model derived parameters versus study duration.
(Top) DV values calculated with the two-compartment model from a simu-
lated tissue time-activity curve generated with the model
(K1 = 0.41, k2 = 0.09, k3 = 0.16, k4 = 0.03). (Bottom) Mean and s.d. of k4
calculated with the three-compartment model versus scan duration derived
from a Monte Carlo simulation.

Estimation of the Nonspecific Distribution Volume (DV’)

On physiological grounds, regional differences in nonspecific
binding can be assumed to be minimal. With method E and
somewhat less with method D, however, there is a considerable
range of values (1.52-5.58 for method E, and 3.21-5.77 for
method D). Some of this variation may be explained by
distortion effects due to the limited spatial resolution of the PET
scanner. These effects lead to a underestimation of the true
count density in smaller structures which is mathematically
reflected in a reduction of K1 and, subsequently, K1-related
parameter combinations such as the distribution volume. This
explanation is supported by the regional distribution of the K1
values (Table 4) which are lowest in the small structures of the
pons and the striatum. The degree of variation in DV’ deter-
mined with method E, however, is considerably larger than for
K1, indicating that other effects also contribute to this variation.
Constraining DV’ not only removes this variation but also
seems to yield physiologically reasonable values. The ratio of
specific to nonspecific binding (DVs/DV') in occipital cortex is
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6.7, 6.5 and 4.1 for methods B, C and E, respectively.
Displacement experiments with flumazenil have shown that
approximately 13% of total binding of iomazenil is non-
replaceable in cortical regions (/2). This yields a DVs-to-DV’
ratio of 6.7, which is in excellent agreement with the ratio
determined with methods B and C. Identifiability of DV" is also
clearly improved with these methods as is demonstrated by the
smaller coefficient of variation. In two subjects, however,
method C did not yield reasonable values for k3’, k4 and
subsequently DVs. A likely explanation is discussed later.

Estimation of k4

Using the three-compartment model with no parameter con-
straints, the dissociation rate k4 displays the lowest identifiabil-
ity of the presented parameters with the coefficient of variation
(Monte Carlo simulation), ranging from 18.9% to 45%. Identi-
fiability is considerably improved by the methods that estimate
a common value for k4 (8.8% for method B, 4.5% for method
D). With the full three-compartment model, the value for k4
ranged from 0.04—0.06 min~'; both methods with a common
k4 yielded a value of 0.05 min~"'. These values are higher than
those reported by Abi-Dhargam et al. (/2) in their SPECT study
(0.014-0.034 min~"). The reason for this discrepancy is not
clear.

Coupling of Multiple Regions by Commmon Parameters
Constraining parameters is a common method to improve the
reliability of parameters estimated with models of higher
complexity (9,17). It is based on the assumption that certain
physiological properties such as nonspecific binding do not
vary among the ROIs substantially. A common approach is to
estimate the nonspecific distribution volume (K1/k2') in a
region devoid of receptors and then fix this parameter in
receptor-rich regions. A problem with this approach, however,
arises when there are no regions with sufficiently low receptor
density, as may be the case with benzodiazepine receptors.
Even the pons, which is sometimes used as a receptor-poor
region, displays a considerable amount of specific binding (12).
Another potential problem might be that any error in the
parameter estimates made in the reference region will propagate
through all subsequent fits. The approach chosen in this study to
constrain parameters does not require a reference region devoid
of receptors. By simultaneous fitting data from all regions with
coupling of the supposedly constant parameters, the amount of
available data is substantially increased. The procedure was first
applied to the estimation of metabolic parameters in cardiac
PET studies with ''C-acetate (/3). The method is highly
successful in increasing the identifiability of parameters, a
phenomenon which is also demonstrated by the reduction of the
coefficient of variation in Tables 2 and 3. Furthermore, it is not
sensitive to errors made in individual regions. Caution is
warranted, however, when choosing which parameters to cou-
ple. The common values of the coupled parameters are in a way
an average of several regional values and will therefore be
larger than the ones calculated with no parameter constraints in
some individual regions and smaller in others. With DV’ this
may lead to identifiability problems. If the coupled values are
still smaller than the total distribution volume as determined
with no parameter constraints, k3’ will be decreased and DVs
values, being proportional to the product of DV’ and k3’, will
still be stable. If, however, the coupled DV’ becomes equal or
even larger than the total distribution volume calculated with no
constraints, k3’, k4 and DVs lose all physiological meaning.
This problem was encountered in the pons and the striatum of
two subjects, where the coupling of only DV’ (method C) led to
physiologically unreasonable values for the receptor-related
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parameters. This problem was avoided by coupling only k4 and,
somewhat surprisingly, by coupling DV’ and k4. Parameter k4
seems an ideal candidate for coupling. There is good physio-
logical evidence to assume that it does not vary much across
regions. Because it is independent of K1, it will not be affected
by distortion effects.

CONCLUSION

Quantitative receptor imaging with a single bolus injection of
iomazenil and PET is best performed with a three-compartment
model including parameter constraints. In the present study, the
most reliable measure for receptor density was DVs, calculated
by constraining k4 or both k4 and K1/k2’. The applied method
to constrain parameters (simultaneous fitting of data from
multiple brain regions coupled by common parameters) proved
to be effective in increasing the identifiability of parameter
estimates. It does not require a region devoid of receptors, but
warrants careful selection of the parameters to be coupled.
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