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Previous studies showed that the in vivo concentration of g-ad-
renergic receptor sites can be estimated by PET using (—)-4-
((S)-3-tert-butylamino-2-hydroxypropoxy)-1,3-dihydrobenzo-
imidazol-2-one (CGP 12177), a hydrophilic ligand. A graphic
method was previously proposed and used by several groups.
However, this approach was not completely validated. The pur-
pose of this study was to improve and confirm the validity of this
approach through a better knowledge of the associated ligand-
receptor model, estimated for the first time using the multiinjec-
tion approach. Methods: The concentration of B-adrenergic
receptor sites was estimated for mini pigs using 2 methods. The
first was the usual multiinjection approach, which permits esti-
mation of all model parameters, including receptor concentra-
tion. However, this approach needs a complex protocol, includ-
ing blood sampling, thereby making it difficult to use for studies
on patients. The second method was the CGP 12177 graphic
method. This approach permits the estimation of only receptor
concentration but has the advantage of not requiring blood
sampling. Another advantage is the ability to generate paramet-
ric images easily. Results: Using the multiinjection approach,
we obtained for the first time a complete model describing
interactions between CGP 12177 and B-adrenergic receptors.
Knowledge of all parameters of this model permitted good
validation of the assumptions included in the graphic method.
The concentration of B-adrenergic receptor sites in mini pigs
was estimated at 15.2 = 3.4 pmol/mL. Conclusion: The graphic
method has been improved by taking into account various
phenomena, such as protein binding and the nonlinearity be-
tween plasma concentration and injected dose. This method is
now usable for patient studies and offers the ability to estimate
the B-adrenergic receptor concentration from a single PET ex-
periment without blood sampling. Parametric imaging will en-
able screening of the receptor site location and observation of
potential anomalies in patients.
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B-ADRENERGIC RECEPTOR QUANTIFICATION * Delforge et al.

uantification of cardiac B-adrenergic receptor sites is
of significant interest for the study of heart diseases. There
is ample evidence, from both experimental and clinical
studies, that changesin 3-adrenergic receptor density can be
associated with cardiac diseases such as congestive heart
failure, myocardial ischemia and infarction, cardiomyopa-
thy, diabetes, or thyroid-induced heart muscle disease (1-5).
Previous studies showed that (—)-4-((9)-3-tert-butylamino-
2-hydroxypropoxy)-1,3-dihydrobenzoi midazol-2-one (CGP
12177) binds to myocardial 3-adrenergic receptors with low
and nonspecific binding in heart and lung tissue, thanks to
both its high hydrophilicity and its affinity (6—8). There-
fore, this molecule labeled with 11C has been proposed to
quantify B-adrenergic receptor sitesin vivo (9).

In vivo estimation of the concentration of receptor sitesis
based on a mathematic model describing interactions be-
tween ligand and receptor sites. The parameters of the
model are kinetic rate constants, except for 1 parameter that
represents receptor concentration (B'). Many previous
studies with various brain or heart molecules have evi-
denced the ahility to identify all model parameters using a
multiinjection approach, in which experimental protocols
include several injections of labeled or unlabeled ligand
(10,11). A first attempt to use the multiinjection approach
with CGP 12177 on dogs failed because of abad estimate of
input function in the mathematic model (12). Indeed, the
main difficulty of this approach is the need to measure the
input function (usually the concentration of unchanged free
ligand in the arteria plasma). Under certain conditions
(nonmetabolized ligand, no binding to proteins, or a con-
stant protein-binding percentage), thisinput function can be
estimated directly from the PET-measured concentration in
the cardiac cavity (13,14). However, binding of CGP 12177
to proteins depends on the injected mass and is a function of
time; as aresult, the input function cannot be estimated from
the PET-measured concentration in the cavity. The multi-
injection approach can be used with this molecule but
requires blood sampling and is therefore difficult to imple-
ment for routine examinations on patients.

Consequently, a graphic method for estimating receptor
concentration using CGP 12177 was previously proposed.
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This approach, based on a 2-injection protocol and on a
relationship between B’ and some characteristics of the
experimental curves (12), permits estimation of only 1 pa-
rameter—that is, concentration of B-adrenergic receptor
sites—but offers the advantage of avoiding blood sampling.
This method has been used by severa groups of investiga-
tors in both heart (15-17) and lung (18,19) studies. How-
ever, it is based on severa assumptions, which have to be
validated. Because global knowledge of the model was
lacking, validation of this graphic method was not com-
pleted.

Therefore, the first purpose of this study was to use the
multiinjection method to obtain a model describing interac-
tions between CGP 12177 and B-adrenergic receptor sites
on mini pigs. A first estimate of the receptor concentration
was thus obtained. Our second purpose was to modify and
fully validate the CGP 12177 graphic method using the
knowledge gained through this model. In particular, the
B’ s Values obtained with this simplified approach were
compared with the receptor site concentrations estimated
using the multiinjection method. Moreover, the simplicity
and robustness of the proposed graphic method make it easy
to estimate the receptor concentration pixel by pixel. There-
fore, our third purpose was to obtain parametric images of
B-adrenergic receptor site density. Such images make it
possible to screen both the localization and quantification of
receptor sites in the entire brain, thus providing an investi-
gation tool for identifying possible local changes or anom-
alies in patients.

MATERIALS AND METHODS

Radiopharmaceutical Preparation

CGP 12177 was prepared as described previously (20-22). The
total amount (in nanomoles) of injected radiolabeled CGP 12177
was adjusted to the desired value used in the PET protocol by
adding a known quantity of unlabeled CGP 12177.

Animal Preparation

Male mini pigs (Yucatan Micropig; Charles River, St. Aubin-
les-Elbeuf, France) from 7 to 9 mo old were used. The animals
were medicated in advance with acepromazine, 0.5 mg/kg intra-
muscularly. Anesthesia was induced and maintained by mask-

induction isoflurane, 3% = 0.5% in O,/CO, (95%/5%). For venous
blood withdrawals, a venous access port (Vygon Corp., East Ruth-
erford, NJ) consisting of a reservoir and a catheter was inserted
into the superficial jugular vein. For arterial blood samples, a
catheter was implanted into the primary carotid artery. The hemo-
dynamic parameters were monitored during the experiment to
verify that they remained stable. All experiments complied with
the relevant guidelines of the French Ministry of Agriculture for
experimentation on animals and with the Guide for the Care and
Use of Laboratory Animals (23).

Blood Sampling

Arterial blood samples were drawn into a heparinized Vacu-
tainer (Becton, Dickinson and Co., Franklin Lakes, NJ) and were
handled on ice. Two-hundred-microliter aliquots were weighted
and counted for activity in a y-well counter (Cobra; Packard
Instrument Co., Inc., Downers Grove, IL). The blood sampleswere
centrifuged (5 min, 3,000 rpm, 4°C) to obtain cell-free plasma, out
of which 200-p.L aliquots were weighted and counted for activity.
The free fraction of 1*C-CGP 12177 in plasma was obtained by
ultrafiltration, at 10 min, 3,000 rpm, and 4°C, on a 20,000-Da
cutoff membrane (SM 13229; Sartorius, Goettingen, Germany).
The radioactivity of the ultrafiltrate was measured in 200-pL
samples.

To measure the amount of unchanged radiotracer in total plasma
with high-performance liquid chromatography (HPLC), 200 pL
plasma were mixed with 450 pL methanol containing 5 wg CGP
(11 pg/mL) as the reference compound. After centrifugation (5
min at 3000g and 4°C), 0.5 mL of the supernatant was diluted with
0.05 mol/L NaHPO,. To measure the amount of unchanged ra-
diotracer in the free fraction, 200 L of the deproteinized plasma
were mixed with 0.3 mL 0.05 mol/L Na,HPO,4 and with 450 pL
methanol containing 5 p.g cold CGP and were analyzed by radio-
labeled HPLC as described above.

Ligand-Receptor Model

The compartmental model used in this study (Fig. 1) was based
on the usual nonequilibrium, nonlinear model (10,24-26). It in-
cluded 3 compartments (unchanged free ligand in plasma, free
ligand in tissue, and specifically bound ligand) and 6 parameters (5
kinetic rate constants and B’ ., the total receptor site concentra-
tion available for binding). The nonspecific binding and the inter-
nalization phenomenon were assumed to be negligible.

The PET-measured concentration was the sum of the labeled
ligand in the 2 tissue compartments and of a fraction F, of the
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FIGURE 1.

Three-compartment ligand-receptor model used for analysis of CGP 12177 time-concentration curves obtained with

PET. All transfer probabilities of ligand between compartments are linear, except for binding probability, which depends on local
association rate constant (k,,), on local free ligand concentration (F*(t)/VR), and on local concentration of unoccupied receptor sites
(B’ max-B*(t)). PET experimental data correspond to sum of labeled ligand in 2 tissue compartments and of fraction F, of blood
concentration. B and B* = unlabeled and labeled bound ligand concentrations, respectively; B',.x = receptor concentration; C,*

and F* = free ligand concentration in blood and tissue, respectively; ky and k, =

dissociation rate constants, respectively.
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blood concentration (which represented the blood volume in the
tissue and the spillover effect).

Model Parameters Estimated Using
Multiinjection Approach

The multiinjection approach consisted of performing several
injections of labeled or unlabeled ligand, distributed throughout
the study. In this study, 8 PET experiments were performed on
mini pigs (Table 1). The experimental protocol included 3 injec-
tionsinfused intravenously for 45 s. The first was a tracer injection
of 1'C-CGP 12177 at the beginning of the experiment (time T, =
0) with a high specific activity (approximately 55 MBq with a
specific activity ranging from 3,700 to 68,450 MBg/mol). The
second was an injection of 1!C-CGP 12177 with a low specific
activity (approximately 28 MBq with a specific activity ranging
from 925 to 16,650 MBg/pmol) at time T,, 30 or 40 min after the
beginning of the experiment. Theinjected CGP 12177 mass ranged
from 5 to 12 p.g. The third was an injection of a large amount of
unlabeled CGP 12177 (approximately 0.5 mg) at time T (90 min),
which led to a “displacement” of the labeled ligand. The total
duration of the experiments was 130 min.

This method required measurement of the unmetabolized 11C-
CGP 12177 concentration and free 1C-CGP 12177 concentration
in plasma, which were used as the input function. During PET
acquisition, 60 arterial blood samples were withdrawn at desig-
nated times. Blood and plasma radioactivity was measured in a
~v-counter, and the time—activity curves were corrected for 11C
decay from the time of the first injection. Metabolism of CGP
12177 was assumed to be negligible. The plasma concentrations
were corrected for protein binding to obtain the input function.

This protocol enabled estimation of all model parameters (6
parameters, including receptor concentration and vascular fraction)
by fitting the PET experimental curves through a minimization of
the usual weighted least squares cost function (10,27).

Estimation of Receptor Concentration Using
Graphic Method

This graphic method enabled estimation of the B-adrenergic
receptor concentration using CGP 12177 as a ligand and did not
require blood sampling (12). Twenty PET experiments were per-
formed on mini pigs. The experimental protocol included 2 injec-
tions. The first was a tracer injection of 1C-CGP 12177 at the
beginning of the experiment (time T, = 0) with a high specific
activity (approximately 110 MBq with a specific activity ranging

from 12,950 to 92,500 MBg/p.mal). The injected dose was iden-
tified as D.*. The injection mass was limited to 1.5 g so that
<15% of the 3-adrenergic receptor sites would be occupied by the
ligand. The second was an injection of 1*C-CGP 12177 with alow
specific activity (approximately 220 MBq with a specific activity
ranging from 3,219 to 23,125 MBg/mol) at time T, (40 min). The
injected dose was identified as D,* . If the low specific activity was
obtained by adding a dose of unlabeled ligand, this dose was called
D,. The doses were chosen so that 60%—80% of the receptor sites
were occupied after the second injection. For mini pigs, the in-
jected mass (including labeled and unlabeled CGP 12177) was
limited to 7 p.g.

This method was based on the fact that the myocardia time—
activity curve covers 2 periods. The first is a distribution phase
with fast kinetics for approximately 5 min after a high-specific-
activity injection and for 10 min after a low-specific-activity
injection. The second is a slow-kinetics period when the time—
activity curve becomes a straight line: a plateau (or a slowly
decreasing plateau) after the initial tracer injection and a slowly
decreasing plateau after the second injection (with a higher in-
jected mass). This method assumed that the free ligand concentra-
tion was negligible after the distribution phase. As aresult, during
the slow-kinetics periods (represented by a straight line), bound
ligand concentration could be deduced directly from PET concen-
tration after correcting for vascular fraction.

In the region-of-interest approach, the PET curves were cor-
rected for vascular fraction by setting parameter F, to 0.4, the
blood concentration being estimated by the PET-measured con-
centration in the cavity. In the parametric imaging approach, the
PET curves were corrected for vascular fraction pixel by pixel:
The map of the vascular fraction was obtained by dividing the
mean PET concentration during the first minute after the initial
injection by the mean blood concentration measured in the cavity
during the same period.

Two concentrations were deduced from the experimental data
after correction for the vascular fraction: C;*, which represented
the level of the first plateau at the end of the distribution phase (5
min after injection), and C,*, which represented the similar value
obtained after the second injection. To account for the PET-
mesasured radioactivity resulting from the first injection, C,* was
estimated from the level of the second plateau occurring at time
T, + 5 by subtracting the concentration measured just before this

TABLE 1
Detailed Values of Experimental Protocols Used in the 8 Multiinjection Experiments

Specific activity (at T+) Dose D¢* Time T, Dose D,* Time T3 Dose Dj Total duration
Experiment (GBg/wmol) (nmol) (min) (nmol) (min) (mg) (min)
1 3.6 22.30 40 55.8 90 0.562 130
2 18.0 4.42 40 36.5 90 0.523 130
3 19.5 5.46 40 42.6 90 0.487 130
4 9.5 2.97 40 39.0 90 0.516 130
5 39.1 5.26 30 32.9 90 0.533 140
6 68.6 1.97 40 12.6 90 0.565 140
7 41.6 3.40 40 24.8 90 0.494 140
8 44.9 3.30 40 24.0 90 0.531 140

Dq*, Do*, and D3 are doses of CGP 12177 injected at times T4 (=0), T,, and Ts, respectively. Asterisk indicates that ligand is labeled.
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FIGURE 2. Estimation of B-adrenergic
receptor density using graphic method.
Experimental protocol includes 2 injections
with doses Dy* and D,* at times T, and T,,
respectively. Graphic method is based on
measurement of 2 plateau levels at end of
distribution phase (C* and C,*). Plateaus
are estimated from only portion of PET
data (large @), other data (small @) being
disregarded by graphic method. Receptor
density is obtained from Equation 2. From

current data (specific activity = 29,415
MBg/pmol, Dy* = 3.09 nmol, D,* = 22.19
nmol) and using vascular fraction of 40%,
receptor concentration is estimated at 18.6
pmol/mL.
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second injection (which could be dightly different from C;* and
thus was called C*(T, — €); Fig. 2).

This method required information on the integral of the free
ligand concentration during the distribution phase (Appendix). In
the first study (12), the assumption was that this integra was
proportional to the injected CGP 12177 dose. However, this as-
sumption seemed invalidated by previous studies performed on
humans, because the blood concentration apparently did not have
alinear relationship to the CGP 12177 dose: After a low-specific-
activity injection, the ratio of the blood concentration to the in-
jected dose was significantly higher than the same ratio obtained
after a high-specific-activity injection. Moreover, because of the
association with red blood cells, the ratio between plasma and
blood concentrations varied with time and was dependent on the
injected mass. Therefore, a correction factor identified as « was
introduced and was estimated from both the blood concentration
measured in the cavity (denoted by B.*(t)) and the ligand doses,
through the following relationship:

To+A
D,* f B.* (t)dt

T2

. , Eq. 1
D,* j B.* (t)dt

0

=W

where coefficient p (set at 1.15, as described in the Results)
enabled us to take into account the small difference in the associ-
ation of CGP 12177 to red blood cells between the high and low
specific activity (28).

Finally, the receptor concentration was derived from the solu-
tion to the following nonlinear equation (Appendix):

(B rex — C*(TZ?S))(]. B eu(02$1?2*> log (B’m;x’maxcl*)>

D, + Dy*
- Cz* TZ* =0.

Eq. 2

In this equation, all values are known (D,*, D,*, and D, are ligand
doses; C*, C,,* and C*(T, — ¢€) are estimated from the myocardial
PET curve; and « is estimated from the cavity PET curve), except
for B max, Which appears twice. The unique solution to this equa-
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tion, which is of the type “f(B'ma) = 0,” can easily be obtained
using a numeric or a graphic method.

PET Measurement and Data Analysis

All experiments using the multiinjection protocol were per-
formed on an ECAT 953B positron tomograph (CTI, Knoxville,
TN/Siemens Medical Systems, Inc., Hoffman Estates, IL) that was
capable of acquiring 31 continuous slices simultaneously. Axial
resolution was 5 mm (full width at half maximum), and spatial
transverse resolution on the reconstructed images, with the Han-
ning filter, was 8.4 mm. Transmission scans were acquired with 3
rotating %Ge-%8Ga sources and were used to correct emission
scans for the attenuation of 511-keV photon rays through the
tissues. The experiment using the graphic method was performed
both on the ECAT 953B positron tomograph and on an ECAT
EXACT HR+ (CTI/Siemens) positron tomograph. This second
tomograph was capable of acquiring 63 continuous slices simul-
taneously. The resolution in the 2-dimensional mode measured at
1 cm from the center was 4.5 mm in the transverse direction and
4.1 mm in the axial direction.

A 76-frame (multiinjection protocol) or a 51-frame (graphic
method) dynamic emission scan was used to define the temporal
and spatial distribution of the tracer in vivo. Time—activity curves
were measured in regions of interest manually drawn on static
20-min images of 2 or 3 consecutive slices obtained 10 min after
the first injection. The concentration of 11C-CGP 12177, expressed
in pmol/mL, was deduced from the 11C activity concentration after
correction for 1C decay and after dividing by the specific activity,
which was common to all labeled injections (because they resulted
from the same synthesis). The data were corrected for partial-
volume effect using echographic measurement of left ventricular
wall thickness and a recovery coefficient factor measured experi-
mentally using a heart phantom.

RESULTS

Blood Sampling and Input Function

Estimation of input function is an important step in the
multiinjection approach, whereas study of the relationship
between injected dose and blood time-concentration curve
is required for the graphic approach (through estimation of
the coefficient o). Our results confirmed that the metabolism
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FIGURE 3. Example of plasma and
0 . ' . blood ratio curves obtained with mini pigs
using multiinjection protocol (Table 1, ex-
0 50 100 150 periment 7, shows timing and injected
. . doses). This ratio is not constant, in partic-
T 1T T 2 T T 3T Time (min) ular because of association of CGP 12177
with red blood cells.

of CGP 12177 in mini pigsis negligible: The mean percent-
age of metabolites obtained from 22 sample studies was
<0.3%. Binding to the protein was estimated at 22% *+ 4%
of the plasma concentration, with no significant time vari-
ations or specific-activity effect. Therefore, for the multi-
injection approach, the input function was estimated at 78%
of the plasma concentration.

As previously reported by Van Waarde et a. (28) for
humans, the association of CGP to red blood cells is sig-
nificant and variable with time. Figure 3 shows the ratio of
plasma concentration to blood concentration obtained in a
multiinjection experiment (this example corresponds to ex-
periment 7; Table 1 showsthe doses). The integration of this
curve during the first 5 min after injection was approxi-
mately 15% larger after the second injection (with a low
specific activity) than after the initial tracer injection. This
result accounted for the 1.15 value of coefficient .. The
injection of alarge amount of unlabeled CGP 12177 after 90
min led to a significant increase in the ratio of plasma

concentration to blood concentration, resulting from a small
displacement of CGP 12177 molecules bound to red blood
cells or other peripheral sites.

Using Equation 1, the coefficient « was estimated at
2.01 £ 0.27 using blood sampling and 1.85 £ 0.20 using
the PET-measured concentration in the cavity. In other
words, without this o correction, the level of the second
plateau, C,*, would be overestimated by a factor of close
to 2.

Results of Multiinjection Approach

Eight multiinjection experiments with blood sampling
were performed. Table 1 gives the detailed protocols, with
timing and doses, and Table 2 gives the model parameters
estimated in each experiment.

Figure 4 shows an example of a PET time—concentration
curve obtained for myocardium using the multiinjection
protocol (experiment 7; Table 1 shows the doses). The
shapes of the curve after the first 2 injections are similar to

TABLE 2
Detailed Results of Model Parameters Estimated from the 8 Multiinjection Experiments
B ,max k1 k2 kon/VR koff KdVR
Experiment (pmol/mL) (min—") (min—") (mL/[pmol min]) (min~7) Fv (pmol/mL)

1 17.5 0.32 6.1 0.74 0.020 0.47 0.027
2 11.6 0.72 4.0 0.85 0.020 0.57 0.023
3 11.5 0.80 1.7 0.68 0.022 0.20 0.036
4 8.8 0.57 1.2 0.51 0.018 0.25 0.035
5 17.4 1.32 2.2 0.33 0.015 0.78 0.046
6 121 0.81 1.3 0.30 0.019 0.39 0.063
7 10.0 0.58 21 0.76 0.018 0.52 0.024
8 12.9 0.96 3.1 0.58 0.016 0.20 0.028
Mean 12.7 0.76 2.7 0.59 0.018 0.42 0.035
SD 3.2 0.30 1.7 0.20 0.002 0.20 0.013

Table 1 shows doses used. Model parameters are defined in Figure 1 legend.

B-ADRENERGIC RECEPTOR QUANTIFICATION * Delforge et al.
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FIGURE 4. Example of PET time-con-
centration curves obtained with mini pigs
using multiinjection protocol. Experimental
data obtained in experiment 7 (Table 1
shows timing and injected doses) in myo-
cardium are represented by <. Solid line,
which is simulated curve obtained from esti-
mated model parameters (Table 2), is close
to experimental data. This proves quality of
fit obtained using 3-compartment model.
PET-measured concentrations in cavity (O)
are good estimates of blood concentration
measured by sampling (dotted line) during
first 10 min after injection. After this period,
low concentration and heart movements
lead to noisy data.
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the shapes obtained with the graphic-method protocol, with
a plateau after the first tracer injection and a straight line
slowly decreasing approximately 12 min after the low-
specific-activity injection. The last injection—of a large
amount of unlabeled ligand—Ieads to a displacement phe-
nomenon. The figure shows the quality of the fitting proce-
dure (experiment 7; Table 2 shows the values of the param-
eters) because the simulated curve appears close to the
experimental data. The peak after each injection occurs
quickly, whereas blood concentration drops approximately
10 min after each injection. The cavity PET concentration
appears to be a good estimate of the blood concentration for
approximately 10 min after the injection. Thereafter, how-
ever, the low concentration levels and heart movements
make for noisy data.

The multiinjection approach enabled simulation of the
concentration in each compartment, because all model pa-
rameters were estimated (Table 2). In Figure 5 (correspond-
ing again to experiment 7), the PET concentration isthe sum
of the concentration in the free and the bound compartments

and of afraction F, of the blood concentration. During the
first plateau, most of the labeled molecules were bound to
the receptor sites (95%—-98%) and the free ligand concen-
tration was negligible. At time T, the second injection was
a labeled CGP 12177 injection (dose D,*) with a low
specific activity, and thus, the percentage of receptor sites
occupied by the ligand quickly reached approximately 85%
(in the other experiments, this percentage ranged from 60%
to 85% depending on the injected dose, reaching as much as
97% for experiment 1 in an extreme case). Consequently,
the binding of the free ligand was less easy and, thus, its
concentration was significant during approximately 10 min
after injection. The higher the injected dose, the larger the
free ligand concentration and, thus, the higher the peak
observed approximately 3 min after injection. However,
after this 10-min period, the free ligand concentration
dropped to negligible levels, with most of these free mole-
cules being returned to the blood circulation. Therefore,
after time T, + 10 min, the PET concentration was again
close to the bound ligand concentration, whereas the vas-

o . NN N NN N X |

100 150
4

Time (min)

c 12 -
9
it
E
H - —
2= 8
Q=
Qo
CE
FIGURE5. Simulations of CGP 12177 ki- | © & 4
netics performed with model parameters &)
estimated during experiment 7 (Fig. 4). | =
Symbols represent concentrations in free | L]
(©) and bound (A) ligand compartments. | Q. 0
Solid line represents PET-measured con-
centration that is sum of concentration in 0
the 2 tissue compartments and of fraction
Fy of blood concentration (dotted line, ?
which represents in this case 52% of blood T1
time—concentration curve shown in Fig. 4).
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cular fraction represented only several percentage points of
the PET-measured concentration. As the bound ligand con-
centration decreased slowly, the PET curve became a
straight line with a small slope. Injection of an excess of
unlabeled CGP 12177 (dose D5 at time T5) led to displace-
ment of the bound labeled ligand by the unlabeled molecule.
With the injected dose (0.5 mg), the displacement intensity
reached its maximum, because this dose contributed to the
saturation of all the receptor sites (98.7%). Consequently,
this last slope of the curve is directly related to the disso-
ciation parameter K.

Results of Graphic Method

Figure 2 shows a typical PET curve obtained using the
graphic method. The plateau after the initial tracer injection
starts after atime ranging from 3 to 8 min and estimates the
C,* vaue (the value of the straight line at 5 min). After the
second injection, with asmaller specific activity, the straight
line is obtained at approximately 15 min, which was the
period required for the free ligand to disappear (Fig. 5).
Therefore, the straight line was estimated using the PET
data obtained during 45-70 min (Fig. 2; large @). This
permitted estimation of C,*, which represented the differ-
ence between the PET-measured concentration at T, + 5
and the concentration measured just before this second
injection (C*(T, — €)).

No significant change to the mini pigs heart rate was
observed during continuous monitoring, even after injection
of the largest amounts of CGP 12177.

The influence of the vascular fraction in the PET-mea-
sured concentration was significant during the first few
minutes after injection (Fig. 5; dotted line) but was low
during the intervals used to estimate the plateau line. In the
graphic method, the vascular fraction was not identifiable
from the experimental data. Therefore, the correction for the
vascular fraction was based on the parameter F, set at 0.40,
which was the mean value estimated from the multiinjection
approach (Table 2). To test the uncertainties related to this
assumption, we estimated the receptor concentration from
the data represented in Figure 2 using F, values ranging
from 0 to 0.7. Without correction (R, = 0), the B’
estimate was 19.26 pmol/mL, which represents a 3.3%
overestimate of the value obtained with F, = 0.4 (18.64
pmol/mL). With the largest F, value (0.7), the receptor
concentration was estimated at 18.18 pmol/mL, which is a
2.5% underestimate.

The value of . used in Equation 1 was not estimated for
each experiment and was set to 1.15. However, our humeric
simulations showed that the uncertainty about this parame-
ter had only a small effect on the estimate of receptor
concentration. For example, if the difference in the associ-
ation of CGP 12177 to red blood cells between high and low
specific activity was underestimated by 50% (. = 1.10), the
biases on the receptor concentration ranged from 0.1% to
3%, with a mean of approximately 1%.
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From the results obtained for 20 different mini pigs, the
B-adrenergic receptor concentration was estimated at
15.2 £ 3.4 pmol/mL in the myocardium. A regiona study
led to aB’ . value estimated at 15.0 = 3.5 pmol/mL in the
lateral region, 14.3 £ 2.9 pmol/mL in the anterior region,
and 15.9 = 3.5 pmol/mL in the septal region.

Comparison of the 2 Receptor Density Estimates

The graphic method could be applied to the PET data
resulting from the multiinjection protocol when restricted to
only the first 2 parts of the curve. Table 3 compares the
receptor concentrations estimated by the 2 methods. The
results obtained with the exact graphic method are displayed
in the last column of Table 3 (the vascular fraction was set
to 0.4 and the blood concentration was the PET-measured
concentration in the cardiac cavity). The results of the 2
methods were correlated (P = 0.0002; r = 0.92) and the
estimates of mean receptor concentration were close:
12.7 £ 3.2 pmol/mL with the multiinjection approach ver-
sus 13.1 = 2.7 pmol/mL with the graphic approach.

Because blood sampling was performed during the mul-
tiinjection experiment, we also tested the graphic method
using these data so as to estimate the impact of various
approximations. In the first column of graphic method re-
sults in Table 3, the correction for vascular fraction was
performed using sampling of the blood concentration,
whereas the correction factor a was estimated (from Equa-
tion 1) using plasma concentration (and thus without cor-
rection for red cell binding; . = 1). In contrast, in the
second column of graphic method results, a« was estimated
using sampling of the blood concentration and therefore was
corrected for red cell binding (. = 1.15). The estimates of
the receptor concentration using these methods (which in-
cluded fewer assumptions) were close to the values derived
from the exact graphic method, given in the last column.
These results support the validity of the correction for red
cell binding and of the use of PET measurement in the
cavity.

Parametric Imaging

One of the primary advantages of the graphic method lies
in the ease of the calculations, enabling an easy pixel-by-
pixel estimation of the receptor concentration and thereby
offering the ability to generate parametric images. This
parametric approach requires estimation of the vascular
fraction, which is obtained pixel by pixel from the ratio
between the mean PET-measured concentration in each
pixel and the mean blood concentration measured in the
cavity during the first minute. This method is based on the
assumption that blood circulation is not much affected by
transfers into the tissue during this short period. Figure 6 is
an example of a vascular fraction image estimated by this
method (the experiment is the same as for Fig. 2). The
cavities appear clearly, with a vascular fraction close to 1.
Because the blood concentration in the cavity is estimated
using alarge region of interest, Fy is expectedly abit greater
than 1 in several pixels.
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TABLE 3
Receptor Concentration Estimated Using Kinetics and Graphic Approaches on Data Obtained from
the 8 Multiinjection Experiments

Graphic method

Parameter Multiinjection method

First estimation type

Second estimation type Third estimation type

Vascular fraction
Fy value
Function used
Input function/corrections
Protein binding
W (red cells)
Function used
Receptor concentration

Estimated 0.4

Blood sampling
22% —

Plasma sampling

Experiment 1 17.5 15.8
Experiment 2 11.6 11.2
Experiment 3 1.5 11.6
Experiment 4 8.8 9.6
Experiment 5 17.4 17.4
Experiment 6 12.1 15.4
Experiment 7 10.0 13.2
Experiment 8 12.9 15.2
Mean 12.7 13.7
SD 3.2 2.7

Table 1 shows doses used. Receptor concentration is in pmol/mL.

Blood sampling

Plasma sampling

0.4
Blood sampling

0.4
PET measurement in cavity

1.15
Blood sampling

1.15
PET measurement in cavity

15.7 16.0
10.9 10.7
11.5 11.5
9.6 9.7
18.2 17.6
141 12.9
11.5 12.3
141 14.5
13.2 131
2.8 2.7

Detailed results of multiinjection approach are given in Table 2.

Figure 7 is an example of a quantified image of B-adren-
ergic receptor concentration obtained with the graphic
method. The receptor concentration was estimated pixel by
pixel without filtering and without correction for partial-
volume effect. This figure shows the regional distribution of
B-adrenergic receptors in the myocardium and septal re-
gion. The image is homogeneous, with good patterns. The
receptor concentration is insignificant (<3 pmol/mL) out-
side the heart. The good quality of this image is evidence
that the graphic method is robust and not too sensitive to
PET uncertainties. This result is not surprising, because the
experimental data (C,;* and C,*) used in the graphic method
result from afit (by alinear function) of alarge number of
PET measurements.

DISCUSSION

Many groups have quantified the B-adrenergic receptor
sites using the graphic method (15-19). The validity of this
method has been supported, in both heart and lung studies,
by the good correlations between B’ estimates obtained
by in vitro methods and by the current in vivo method
(15,18). However, some unacceptable results obtained on
patients (P. Merlet, unpublished data, 1995)—results show-
ing large variations and including some large, unrealistic
concentration estimates—indicate that this method may be
subject to criticism. We performed this study on mini pigs
to validate all the used assumptions. The rationale for using
mini pigs liesin the similarity of their metabolism to that of
humans and the possibility of using a multiinjection ap-
proach with blood sampling (thus permitting estimation of
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all model parameters describing interactions between the
B-adrenergic receptor and CGP 12177).

The graphic method is based on 3 assumptions related to
the kinetics of the ligand. The first assumption is that after
the distribution phase, the PET-measured concentration
(corrected for vascular fraction) is a good estimate of the
bound radioligand concentration. The multiinjection ap-
proach validates this assumption, asisillustrated by Figure
5, which shows that the free ligand concentration was neg-
ligible after the distribution phases (<0.02% after the tracer
injection and <0.5% after the low-specific-activity injec-
tion).

The second assumption states that the dissociation rate
constant is sufficiently low for the dissociation reaction to
be disregarded during the distribution phase. This assump-
tion is supported by the parameter value estimated using the
multiinjection approach (ks = 0.018 + 0.02 min~*) and is
required so that the effect of dissociation during the distri-
bution phase may be disregarded, thus permitting analytic
equations (Appendix). Simulations showed that the bias on
B’ resulting from this second assumption was <2%.

The last assumption is that the integral of the free ligand
concentration during the distribution phases can be linearly
related to the injected doses using a correction factor «. This
hypothesis is important so as to avoid blood sampling
(Appendix). Coefficient « is defined such that this hypoth-
esisis verified (Eq. 1).

The metabolism of CGP 12177 was formerly controver-
sial (12,28-30). Three problems were studied: the metabo-
lism of CGP 12177, binding to proteins, and binding to red
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Vascular Fraction

blood cells. Most studies now agree in their conclusion that
rats metabolize this molecule slowly whereas humans do
not metabolize it to any significant extent (28). The same
conclusion is obtained with mini pigs, in whom metabolism
of this molecule is found to be negligible (<0.3%). Plasma
protein binding is low for rats (30% + 2%) and healthy
human volunteers (31% = 2%), these values being obtained
instantaneously with no detectable change after injection
(28). For mini pigs, plasma protein binding is aso indepen-

Receptor Concentration
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FIGURE 6. Example of vascular fraction
image estimated pixel by pixel. For each
pixel, vascular fraction is estimated by di-
viding mean PET concentration during first
minute after first injection by mean blood
concentration measured in cavity during
same period. Limits of high-receptor-den-
sity area observed in Figure 7 are marked
by line. Highest vascular fraction is ob-
served in heart cavities.

dent of time and is estimated at 22% = 4%. Some studies
evidenced an important association between CGP and red
blood cells, possibly with small differences between low-
and high-specific-activity injections (28). An exact correc-
tion for this phenomenon would require blood sampling for
each experiment. However, the absol ute percentage of bind-
ing to red blood cells has no influence on « (because « is
defined by a ratio). As a consequence, it is sufficient to
estimate the coefficient w, which corrects the effect result-

FIGURE 7. Example of parametric image
of B-adrenergic receptor concentration.
Experiment is same as in Figure 2 (legend
of Fig. 2 describes doses). This image has
been obtained by calculating receptor den-
sity using Equation 2, pixel by pixel and
without filtering. Correction for vascular
fraction is performed using Figure 6 results.
No correction for partial-volume effect was
performed.

pmol/ml
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ing from the different specific activities between the 2
injections. For mini pigs and the doses suggested by the
graphic method protocol, the ratio of plasma concentration
to blood concentration is approximately 15% higher during
the first 10 min after the second injection than for the first
injection. This percentage is in line with the results of Van
Waarde et a. (28) obtained in humans. Therefore, the effect
of binding to red blood cells is not measured in each
experiment and is corrected using the vaue of p (1.15)
estimated from the multiinjection experiments. The biases
resulting from this approximation appear acceptable (ap-
proximately 1%). Moreover, this correction isweak in com-
parison with the second and main phenomenon included in
the correction factor «, that is, the nonlinearity between the
injected doses and the blood concentration. This last phe-
nomenon, which is corrected in each experiment from the
PET-measured concentration in the cavity, accounts for
approximately 85% of the o value (estimated for mini pigs
at 2.0 = 0.3).

This vascular fraction parameter, F,, which includes
blood volume and spillover effects, is estimated at 0.42 +
20 using the multiinjection approach. The SD is large (this
parameter is difficult to identify with CGP 12177 because of
its fast blood kinetics), but this estimate is close to the value
previously obtained with the same method and methyl-
quinuclidinyl benzilate as ligand: 0.40 = 10 for dogs (13)
and 0.48 = 0.14 for humans (31). This vascular fraction
parameter cannot be estimated from the experimental data
obtained using the graphic method protocol. Some groups
suggested correcting the PET data for vascular activity and
spillover by measuring tissue density and blood volume
through a C*®0 experiment (16,17). However, this elaborate
method needs venous samples and requires an additional
PET experiment with a higher radiation dose and the usual
risk that artifacts will be caused by movement between the
2 scans. Our results showed that the correction for vascular
fraction is low for mini pigs (Fig. 5), and simulations
showed that the receptor concentration estimate was not
significantly biased by uncertainty about F, (e.g., the bias
was only 3.3% with no vascular fraction correction, as
described in the Results) and by the noisy PET measuresin
the cavity. Therefore, it is acceptable to correct the vascular
fraction using the F, value set at 0.40 and the blood con-
centration measured in the cavity, because the bias resulting
from uncertainties about these values can be deemed to be
always <2%.

The B-adrenergic receptor concentration in the mini pig
myocardium was estimated at 12.7 = 3.2 pmol/mL from the
8 multiinjection experiments (Table 2) and 152 = 34
pmol/mL from the 20 experiments using the graphic meth-
ods.

These results can be compared with the values previously
published: 11.5 = 2.2 pmol/mL (15) and 6.6 = 1.2
pmol/mL (17) for a healthy human and 30.9 = 3.7 pmol/mL
(12) for dogs. However, this comparison is perhaps irrele-
vant, because all these estimates were based on the graphic
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method and did not include correction for the nonpropor-
tionality between the injected dose and the model input
function that is considered by «. This coefficient estimated
for mini pigs, 2.0 = 0.3, appears to be an important correc-
tion compared with the value of 1 previously used. How-
ever, the relationship between « and the estimate of B’ IS
not obvious and varies as a function of the used doses. If the
second injected dose, D,*, is large (and thus leads to qua-
sicomplete occupancy of the receptor sites), the theory
shows that the o value has no influence on the receptor
density estimate, whereas simulations proved that the lack
of correction factor o explainsthe large variability of results
previously obtained for patients with doses leading to a
receptor occupancy percentage < 50%.

The graphic method offers the great advantage of permit-
ting parametric imaging. Assessment of spatial distribution
of receptor density by parametric imaging requires high-
quality data and a robust method for pixel-by-pixel quanti-
fication. The example of a quantified image of B-adrenergic
receptor concentration given in Figure 7 shows a homoge-
neous concentration in the myocardium. Obviously, the lack
of correction for partial-volume effect explains the side
effect and leads to an underestimation of receptor sites: The
mean concentration in the myocardium is estimated at 18.6
pmol/mL (Fig. 2), whereas the maximum concentration
observed in Figure 7 is 15 pmol/mL. However, such an
image is useful for locating and quantifying potential anom-
alies in receptor concentration. The concentrations outside
the heart are low, but only the order of magnitude of these
estimates is valid, because an exact estimation of the 3-ad-
renergic receptor—for example, in the lung—would require
correction for tissue density (18,19,32).

Because this image was obtained without filtering, the
homogeneity of the concentration estimated pixel by pixel
proves the robustness of the method with little sensitivity to
PET measurement uncertainties. This property results from
the fact that the PET data are the coefficients C;* and C,*,
which are obtained by fitting the PET data acquired over 20
or 30 min. Consequently, the bias on the estimation of
receptor concentration results mainly from the other exper-
imental data introduced in the model, such as specific ac-
tivity, the estimate of «, and the correction for partial-
volume effect.

CONCLUSION

Using the multiinjection approach, we obtained the first
complete model describing the interactions between CGP
12177 and B-adrenergic receptors. Knowledge of al the
parameters in this model provided a good validation of the
assumptions included in the previously proposed graphic
method. The main advantage of this graphic approach isthat
the results are obtained without having to measure the input
function, that is, without having to estimate metabolites and
protein binding. Another advantage is the ability to offer
parametric images of receptor concentration and vascular
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fraction. This property is important because it permits
screening of receptor site localization and observation of
possible anomalies in patients.

APPENDIX

Proof of Equation 2, Permitting Graphic Determination
of Receptor Density

Introduction and Assumptions. This method is based on
the fact that the myocardial time—activity curve becomes a
straight line approximately 10 min after injection of CGP
12177. Therefore, in the myocardial PET curve, one can
distinguish an initial distribution phase (approximately 5
min after injection, with this delay being denoted by A),
followed by a slow kinetic period (represented by a straight
ling). This method is based on 3 assumptions. Assumption 1
is that after the distribution phase, the measured PET con-
centration, corrected for vascular fraction, represents the
bound ligand concentration (the free ligand concentration
and the nonspecific binding are negligible). Assumption 2 is
that the dissociation rate constant is low enough for the
dissociation phenomenon during a fast kinetic period to be
disregarded. Assumption 3 isthat the integral of free ligand
concentration during distribution phases can be linearly
related to injected doses using a correction factor called a.

Definition and Calculation of a. Assumption 3 states that
the relationship between free ligand concentration and li-
gand dose after the first injection is defined by:

A
f F*(t) = yD,*, Eq. 1A
0

whereas the relationship associated with the second injec-
tion is given by:

To+A
J F*(t) = ayD,*. Eq. 2A
T2
Therefore, the correction factor « is defined by:
To+A
D.* f F*(t)dt
o= TZA Eq. 3A
D,* j F* (t)dt

0

To estimate this parameter in practice, the validity of the
following relationships is assumed:

To+A To+A To+A
J F* (t)dt f C.* (t)dt f B.* (Hdt

T2 T2 T2

f | F* (t)dt f B,* (t)dt

J C.* (t)dt
0

. Eq.4A
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where C*(t) is the free ligand concentration in the plasma
(the input function) and B,* (t) is the ligand concentration in
the blood. The coefficient w. makesit possible to account for
the effect of the difference in binding to red blood cells
related to the different specific activities, as described in the
text. Therefore, in practice, the correction factor a with
CGP 12177 is defined from the blood concentration mea-
sured in the cavity (B.*(t)) and the ligand doses through the
following relationship:

To+A
D,* J B.*(t)dlt
T:

2

a=p , Eg. 5A

A
D,* f B.* (t)dt
0

where coefficient . is set at 1.15, as described in the text.

Analytic Calculation of C,*. Let us consider the math-
ematic model shown in Figure 1. Because dissociation of
the bound ligand, ks B*(t), can be ignored during the
distribution phase (assumption 2), we deduce that the bind-
ing kinetics of the labeled ligand during the period [0, A] is
described by the following equation:

dB*(t)
= (KelVR(B s — BEOIF* ()

B*(0) =0 Eq. 6A

This differential equation can be solved analytically. One
deduces the concentration of the bound ligand at A minutes
after the first injection:

B*(A) = B/ a1 — & kMU Pty - Eq 7A
Using Equation 1A and assuming that C;* ~ B*(A) (as-
sumption 1), one deduces that:
C* =B/ (1 — €7FP™), Eg. 8A
where
B = (Ko VR)Y)- Eq. 9A
Observe that, from Equation 8A, we also obtain:
B= —( 1*> log (B"“‘"’X_Cl*) Eq. 10A
D, B’ nax

Analytic Calculation of C,*. At time T,, a second injec-
tion is performed. Assuming that this injection includes
both labeled and unlabeled ligand, the binding kinetics of
the corresponding labeled ligand during the period [T, T, +
A] is described by the following differential equation:

dB*(t)
0 = (KelVR(B o — C(T, = €) = B* () ~ BOF* (1)

B*(T, = 0,
where B(t) is the concentration of the bound unlabeled

Eq. 11A
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ligand resulting from the second injection. Because (from
the principle of a tracer):

D,
B(t) = D B*(t), Eq. 12A
2
one obtains the following differential equation:
dB*(t)
dt

D, + D,*
= (konNR)(B’max —C*(T,—¢) — (Dz*)B* (t))F* (t)

B*(T,) = 0,
which gives the solution:

Eq. 13A

Wm+m=®m—@m—w@ﬁ$9

D2+ D2* T2+ A g
1— et T )UE ) Eq. 14A

Using Equations 2A and 9A and assuming that C,*

B*(T, + A) (assumption 1), one obtains:
*
-2

c;=®m—om—m( )u—wwwm.

Eq. 15A

Final Relationship. By substituting B thanks to Equation
10A, one obtains the final relationship:

(B — C*(Tz—s))<1 - ea(Dz;E’z*)mg(Bfm;mxch))

D, + D,*
D,*

In this equation, all values are known except B’ o, Which

appears twice. The unique solution of this equation, which

isof the type “f(B'ma) = 0,” can easily be obtained using a

numeric or graphic method.

— CZ*

Eq. 16A
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