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The potential for noninvasive quantification of myocardial mus-
carinic receptors using PET data, a mathematical model, multi-
injection protocols and ''C-labeled methyiquinuciidinyl benzilate
(MQNB) as a radioligand was previously demonstrated in dogs.
The present study examines the possibility of optimizing the
experimental protocol to make this approach suitable for human
studies. For six normal subjects, the protocol included three
injections: a tracer injection, followed 30 min later by an injection
of an excess of unlabeled MQNB (displacement) and then 30
min later by a simultaneous injection of uniabeled and labeled
MQNB (coinjection). The model input function was estimated
from the PET data comesponding to the left ventricular cavity.
This protocol enables a separate evaluation of all parameters of
a ligand-receptor model which includes three compartments and
seven parameters. The complexity of this three-injection proto-
col, however, appears to be inconvenient for clinical use. A
simplified two-injection protocol (tracer injection and coinjection)
was evaluated in five other normal subjects and the results were
compared to those obtained with the three-injection protocol. In
regions of interest over the left ventricle, the mean value of the
receptor concentration By, and the equilibrium dissociation
constant K, were 26 + 7 pmole/ml tissue and 2.0 + 0.
pmole/mi tissue, respectively. The possible existence of nonspe-
cific binding was studied in two subjects using a double-displace-
ment protocol. The corresponding rate constant was found to be
very low (0.03 min~").
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'I:le potential for quantification of myocardial musca-
rinic receptors in vivo using positron emission tomography
(PET), a mathematical model, multi-injection protocols
and "'C-labeled methylquinuclidinyl benzilate (MQNB) as
a ligand was previously demonstrated in dogs (). The
advantage of this methodology is that it provides the ability
to quantify receptor concentration noninvasively. This ad-
vantage was recently discussed (2) along with the practical
difficulties of this study due to the complexity of the math-
ematical models and the experimental protocol used (arte-
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rial blood sampling, four injections, injection of a large
amount of unlabeled ligand, 3-hr experiment). The present
study examines the possibility of optimizing the experi-
mental protocol to make this multi-injection approach suit-
able for human studies.

Muscarinic cholinergic receptors in balance with beta-
adrenergic receptors play a key role in the regulation of the
rate and force of heart contractions. Changes in receptor
number and affinity have been reported in physiological,
pharmacological and clinical conditions in animal models
as well as in humans (3-11). The development and use of
radioligands with high affinity and specificity to the mus-
carinic receptor have greatly contributed to the knowledge
of receptor biochemistry (12). Tritium-labeled antagonists,
such as quinuclidinyl benzilate (QNB), atropine, dexetim-
ide, N-methyl-scopolamine (NMS) or N-methylatropine,
have been shown to bind to an equal number of sites with
Hill coefficients close to unity. This indicates that these
antagonists bind to a single class of high affinity binding
sites (13-16). The noninvasive quantification of muscarinic
receptor may be of value in investigating possible changes
in receptor number and/or affinity, especially after pharma-
cological intervention or during the follow-up of patient
with heart disease. PET now allows the measurement of
both labeled ligand concentration within the myocardium
and its variations (7, 18). Measurements are made using a
specifically synthetized radioligand, in most cases a selec-
tive receptor antagonist labeled with a positron-emitting
isotope such as ''C or '®F.

MQNB, the quaternary derivative of QNB, is a nonme-
tabolized and, contrary to QNB, hydrophilic antagonist.
Therefore, the portion not extracted by the lungs binds
only to cell surface receptors. It possesses, like QNB, a
high affinity and specificity for cholinergic receptors in rat
heart homogenates (19,20). Its binding is stereospecific
since the pharmacologically active isomer, dexetimide, can
displace ''C-MQNB from its binding sites, whereas the
inactive isomer, levetimide, remains inactive (19).

However, knowledge of the ligand concentration given
by PET does not allow receptor concentration to be di-
rectly deduced. It is necessary to use a mathematical
model which describes ligand-receptor interactions whose
parameters (which include receptor concentration) have to
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be identified from the kinetic curves in a dynamic PET
experiment. The model used here has four compartments
and seven parameters. A unique and accurate identification
of such a large number of parameters from a single exper-
imental data set requires a multi-injection approach (1, 21).
Three kinds of injections are possible: an injection of la-
beled ligand with high specific activity (so that the percent-
age of receptors occupied is very small after such an injec-
tion), an injection of unlabeled ligand (the percentage of
receptors occupied after such injection can be large if a
high amount of ligand is injected) or a mixture of labeled
and unlabeled ligand (which corresponds to an injection of
labeled ligand with low specific activity). Obviously, these
last two choices are possible only if administration of a high
amount of ligand does not induce a pharmacological effect.

The choice of a protocol for clinical investigation re-
quires minimizing radioactivity doses, using low unlabeled
ligand doses and limiting the duration of the experiment.
The first protocol used included three successive injec-
tions: a tracer injection, an injection of an excess of unla-
beled MQNB and a coinjection of unlabeled and labeled
MQNB. With this protocol, a separate evaluation of all
parameters was possible (). However, the complexity of
this protocol limits its use in human investigations. Be-
cause a single injection is insufficient for estimating recep-
tor concentration (21), the possibility of identifying param-
eters from data obtained only by a two-injection protocol
was examined. By using an ‘“‘experimental design optimi-
zation” method (22), the experimental protocol was opti-
mized (types of injection, time of injection, injected doses)
in order to obtain the best possible estimation of receptor
concentration from the acquired data.

MATERIAL AND METHODS

Preparation of ''C-MQNB

MQNB was labeled with high specific radioactivity using ''C
by methylation of QNB with !'C-methyl iodide (19). Labeled
material, with a specific radioactivity varying from 300 to 1200
mCi/umole at the time of injection, was purified using high-per-
formance liquid chromatography.

Subjects

Thirteen normal healthy volunteers, mean age 32 + 6 yr (range
24-44 yr), were studied. They were free of any cardiac disease on
the basis of clinical, ECG and echocardiographic examinations,
and none were taking medication. The acquisition protocol was
applied early in the morning on fasting subjects. For a subset of
three volunteers, a SFr catheter was percutaneously placed into
the radial artery once the quality of their cubital pulse and collat-
eral function was checked clinically. During the study, arterial
blood pressure was measured twice: before the transmission scan
and 60 min after the last MQNB injection. Heart rate was contin-
uously monitored and the ECG was recorded every minute for 5
min after each injection and every 5 min between each sequence.
Written informed consent was obtained from each subject. The
study protocol was approved by the Ethics Committee of our
institution.
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PET Measurements

PET studies were performed using a seven-slice time-of-flight
assisted positron camera (23) (LETI TTV03, Commissariat  ’En-
ergie Atomique, Grenoble, France). In this instrument, each slice
is 9 mm thick and the spatial transverse resolution is about 7 mm.
Transmission scans are obtained with a rotating ®*Ge source to
correct emission scans for the attenuation of 511 keV photon rays
through the body thorax. Emission data are recorded in list mode
starting with the first injection of ''C-MQNB until the end of the
experiment. Between 50 and 75 sequential images, using one of
the seven cross-sections, were reconstructed according to the
specific experimental protocol used for each patient.

Experimental Protocols

Three kinds of experimental protocols were used in three dis-
tinct subsets of subjects.

Three-injection Protocol. A PET study with the complete pro-
tocol including three injections of ''C-MQNB and/or MQNB was
performed on six normal subjects. At the beginning of the exper-
iment, about 10 mCi (e.g., 370 MBq) of ''C-MQNB was intrave-
nously injected over a period of about 1 min. The corresponding
dose of radioactive tracer was denoted by Jg (from 4 to 10 ug).
Thirty minutes later, a second intravenous injection of an excess
of unlabeled ligand (amount J, from 0.2 to 0.4 mg) was adminis-
tered. Sixty minutes after the beginning of the experiment a third
injection, consisting of a mixture of labeled (about 8 mCi) and
unlabeled MQNB in the same syringe, was administered (““coin-
jection” experiment). The injected quantities of labeled and unla-
beled ligand are denoted by J; (from 13 to 37 ug) and J, (from 0.2
to 1 mg), respectively. The total experiment lasted 90 min. Exact
doses administered to each subject are given in Table 1.

Coinjection Protocol. For five subjects, a coinjection protocol
was used, including only an initial tracer injection followed 30 min
afterwards by a simultaneous injection of labeled and unlabeled
MQNB (from 8 to 22 ug and from 0.15 to 0.4 mg, respectively).
The total experiment took 70 min.

Double-displacement Protocol. For two subjects, a three-injec-
tion protocol was used which involved, after initial tracer injec-
tion, two injections of unlabeled MQNB (0.3 mg) at 30 min and 60
min, respectively. The entire experiment lasted 90 min.

Image Analysis

One set of sequential images, corresponding to one of the seven
cross-sections that intersected the left ventricule, was selected for
the analysis. The outer myocardial boundary was automatically
defined by an isocontour plotting routine. The 70% isocontour,
which was selected on a 10-min image, included the septum and
the left ventricular wall.

List mode acquisition allowed the time-of-flight confidence-
weighted reconstruction of 10-sec images during the first 2 min
following labeled ligand injection and longer duration images (up
to 5 min) when radioactivity slowed down. Radioactivity was
measured in each region of interest (ROI) after correction for ''C
decay and was expressed as pmole/ml after normalization using
the specific radioactivity measured at time 0. When the protocol
included two injections of labeled ligand, all ''C-MQNB was
produced by the same synthesis and the specific radioactivity
measured at time 0 was then identical in both injections.

Calibration was performed every week with a cylindrical phan-
tom containing a uniform source of ®Ge. Myocardial wall thick-
ness was measured by echocardiography and PET data were
corrected for count recovery loss. This was due to the small size
of the heart wall when compared to the spatial resolution of PET.
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TABLE 1
Numerical Values of the Protocol Parameters Corresponding to the Experiments Performed on Six Subjects Using a Complete
Protocol

Subj. 1 Subj. 2 Subj. 3 Subj. 4 Subj. 5 Subj. 6 Units
Inj. durat.* 1 0.25 1 1 0.45 1 min
Spec. activ.’ 77 358 450 534 1119 MM mCi/uM
Initial injection (time 0)
N 5.2 10.5 88 79 42 4.1 ng
Displacement (at 30 min)
0.25 04 04 0.2 0.3 03 mg
Colnjectnon (at = 60 min)
N 227 346 37.2 194 13.0 153 7%
Jp 1 04 04 0.2 0.3 0.3 mg

Experiment duration: 90 min

*Duration of injections, which was approximately identical for all injections corresponding to an experiment.

*Specific activity measured at time 0.

The doses J'correspond to labeled ligand and the doses J, to unlabeled ligand.

The correction was performed using a recovery factor measured
experimentally on a heart phantom with the same PET system.
The end-diastolic thickness of the ventricular septum of the left
ventricle was measured by echography and was found to be 9.6 +
0.6 mm. The ratio of true-to-measured concentration was equal to
0.67 for a 9.6-mm thickness in the phantom calibration experi-
ments. Spillover from blood cavity to myocardium was not cor-
rected but was accounted for through a vascular fraction (Fy, see
the ligand-receptor model section) that was fitted.

Plasma Radioactive Concentration Measurements

The identification of model parameters necessitated knowledge
of the plasma time-concentration curve C3(t) which was used as
the input function in subsequent modeling. To avoid the necessity
of arterial blood samples, comparisons were made in three sub-
jects between the PET concentration obtained using a ROI in the
left ventricular cavity and the concentration obtained with arterial
blood samples (about 0.4 ml) collected from the radial artery. The
time interval between each arterial sample varied. Samples were
taken every S sec for 2 min after injections of labeled MQNB. The
sampling interval was increased to 10 min when blood radioactiv-
ity slowed. Carbon-11 radioactivity was measured after rapid cen-
trifugation in a gamma counting system (Kontron CG 4000) and
time-activity curves were corrected for physical decay of ''C
activity from time 0. Arterial concentrations were expressed as
pmole/ml plasma after division by the specific radioactivity.

The Ligand-Receptor Model

The compartmental model used in this study and shown in
Figure 1 is a nonequilibrium nonlinear model (1, 24). The flux of
nonmetabolized free ligand from compartment 1 to compartment
2 is given by pVRC2(t) (as pmole/min/ml tissue). Ci(t) is the
plasma concentration of labeled ligand at time t, p is a rate con-
stant (as ml/min/ml) and Vg, (as ml/ml) is defined as the fraction of
the ROI delineated by PET in which the ligand can react with
receptors. With a hydrophilic ligand, Vy is likely to correspond
approximately to the fraction of extracellular fluid. The quantity
of labeled free ligand present in the interstitial volume (compart-
ment 2) (pmole/ml tissue) is My. The free ligand could bind directly
to a free receptor site, bind irreversibly to a nonspecific site or
escape with rate constant k. The specific binding probability de-
pends on the bimolecular association rate constant (k,,) and on
the local concentration of free receptor sites equal to [B,, —
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Mg(t)]. By, is the unknown quantity of receptor sites available
for binding and Mg(t) is the quantity of labeled ligand bound to
receptors in 1 ml of myocardium. The irreversible nonspecific
binding probability of the free ligand is denoted by k., and the rate
constant for the dissociation of the bound ligand by k_,.

This model contains six parameters, the two most important
being the concentration of receptor sites available for binding
B;..x and the ratio of k_, to k., to define the equilibrium disso-
ciation constant K.

The protocols previously described include injections of unla-
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FIGURE 1. Compartmental ligand-receptor model used in anal-

ysis of myocardial tissue data obtained after intravenous injection of
11C-MQNB. The upper part represents the model describing labeled
ligand kinetics (quantities denoted by an asterisk) and the lower part
the same model associated with the unlabeled ligand. Compartment
1 represents blood, compartment 2 free ligand, compartment 3 spe-
cifically bound ligand and compartment 4 irreversibly nonspecifically

bound ligand. All transfer probabilities of ligand between compart-
ments are linear except for binding probability which depends on the
bimolecular association rate constant and on local concentration of
free receptor sites. PET experimental data correspond to the sum of
the labeled ligands in compartments 2, 3 and 4 and of a fraction F,,
of compartment 1. The unlabeled ligand compartments are not di-
rectly observable from PET data, but the concentration of specifically
bound ligand (M,(t)) has an effect on the local concentration of free
receptors and consequently on the binding probability of free labeled
ligand.
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beled ligand during displacement and coinjection experiments.
Thus, unlabeled ligand kinetics affect the local concentration of
free receptors and must be taken into account. Free unlabeled
ligand is denoted by M((t), specifically bound unlabeled ligand by
M,(t) and nonspecifically bound unlabeled ligand by M,,(t), which
are expressed as pmole/ml tissue. Unlabeled ligand kinetics were
assumed to be similar to those of the labeled ligand and the two
parts of the model associated with the labeled and unlabeled
ligand respectively have the same structure and parameters.
Plasma concentrations of unlabeled ligand (C,(t)) were calculated
by simulation using the curve C(t) which corresponds to labeled
ligand (22). It is assumed that blood curves have a similar shape
and are proportional to the mass injected for each separate injec-
tion. A comparison of the blood curves after tracer injection and
after coinjection justifies this assumption (see doses in Table 1).

In PET studies, experimental data acquired between time t;_,
and time t; are given by the following integral relation:

M) = — Y (M) + MO + MA0 + FVCIO) &,
- ti-a
Eq. 1

where Cy(t) is the whole blood time-concentration curve and Fy, is
a parameter identified with the other model parameters. F,, rep-
resents fractional volume, including both the fraction of blood
present in the tissue volume and the effect of spillover from blood
cavity to myocardium.

The model parameters are identified by minimization of the
usual weighted least squares cost function and estimation of the
standard errors is based on the use of the covariance matrix and
the residual value of the cost function (1, 25).

RESULTS

The protocol experiment was well tolerated in all sub-
jects. Four of the six subjects who had the three-injection
protocol complained of slight mouth dryness.

Blood Time-Concentration Curve and Model Input
Function

Blood concentration measurements shown in Figure 2
correspond to those of experiment 1. After each injection
of labeled ligand (which took about 1 min to perform),
blood concentration increased rapidly and reached a max-
imum within 30 sec at the end of the injection. Figure 2 also
shows blood concentration estimates obtained from PET
data with a ROI in the left ventricular cavity. A good
agreement between the two measurement methods is ob-
served. Similar results were obtained with two other sub-
jects. The labeled MQNB blood concentration could be
used to the model input function since it had been verified
that this molecule is not metabolized and that the plasma-
to-blood ratio is constant during the duration of the exper-
iment (I). Therefore, this PET estimation of the model
input function is justified. Interestingly, this method has
the main advantage of avoiding arterial blood sampling in
patients.

Myocardial Time-Concentration Curves

Figure 3 shows an example of experimental data ob-
tained with a three-injection protocol (experiment 1 in Ta-
ble 1). After the initial tracer injection of ["'C]JMQNB,
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FIGURE 2. Comparison between the two methods for measuring
blood time-concentration curves. The solid line shows the curve
obtained by blood sampiing, whereas the solid circles give the con-
centrations estimated using a PET ROI in the left ventricular cavity.
This curve demonstrates the good agreement between the two
methods. The two peaks corresponding to the injections of labeled
ligand (at 0 and 60 min) are easily observable. The injection of
uniabeled ligand (at 30 min) resulted in small peaks of radioactivity
due to dissociation of labeled bound ligand. Exact timing and doses
are given in Table 1 (experiment 3) and in the legend of Figure 3.

myocardial concentration increased rapidly and after 10
min remained constant until displacement (at 30 min). The
injection of unlabeled MQNB resulted in a decrease in
myocardial concentration, which reflects the dissociation
of labeled bound ligand. However, the percentage of the
displacement (about 70%) is lower than the percentage
previously observed in dogs (I) because the injected
amount of MQNB did not allow complete occupancy of the
receptor sites. Coinjection of labeled and unlabeled MQNB
at 60 min produced a fast peak in the myocardial time-
concentration curve, which contrasted with the plateau
observed when labeled ligand was injected alone.

Parameter Identification

A fit of the mathematical model to the myocardial PET
experimental data provided values for kinetic rate con-
stants and receptor densities (Table 2). In these results,
nonspecific binding was neglected, and thus the parameter
k, was assumed to be null. The final quality of the fits was
satisfactory (Fig. 3). If a new parameter, such as a nonspe-
cific binding rate constant, was included in the model, this
would lead to unidentifiable parameters. An estimate of the
standard error was obtained for each identified parameter.
This value was estimated using the covariance matrix and
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FIGURE 3. Three-injection protocol with tracer injection at time 0,
injection of unlabeled ligand at 30 min and coinjection at 60 min. A
comparison is made between the experimental PET data (open
diamonds) (experiment 1) and the model simulation (solid line).
Corresponding model parameter values are shown in Table 2, col-
umn 1.

the residual value of the least squares cost function (Z, 25).
Mean parameter values and standard deviations were cal-
culated for the six subjects. The mean receptor density was
26 + 7 pmole/ml tissue and the product K Vg was 0.30 +
0.08 pmole/ml tissue. It should be noted that the relative
standard errors estimated for each subject corresponded
only to the influence of the differences between model-
predicted concentrations and the experimental data.
Therefore, they did not include the influence of various
uncertainties, such as individual variability, uncertainties
about specific activity and instrumentation errors. This
explains why the standard errors were often lower than the
usual standard deviations on B,,,, mean values.

Computer Simulation
Myocardial time-concentration curves for the free,
bound and total ligands were calculated by using the pa-

rameter values given in Table 2. Figure 4 shows the result
of the simulation obtained with the parameters estimated
from experiment 1. The concentration measured with PET
is the sum of the ''C-MQNB concentrations in the free and
bound ligand compartments and in the vascular fraction of
the myocardium within the ROI. Computer simulations
showed that most of the radioligand was specifically bound
to receptor after injection at a high specific activity (be-
tween 0 and 30 min). After the first displacement, the
concentration of specifically bound ligand remained higher
than that of other compartments. The dissociation rate
constant k_, was the limiting parameter in the dissociation
of bound ''C-MQNB after displacement (at 30 min). Prior
to coinjection of ''C-MQNB and MQNB at 60 min, the
percentage of free ligand was less than 1%. Rapidly after
the coinjection, all receptors were occupied by unlabeled
ligand so that the concentration of free labeled ligand in-
creased quickly and became larger than bound labeled
ligand concentration for a short period. The bound ligand
concentration, however, remained preponderant at the end
of the experiment.

Two-Injection Protocol

The complexity of the three-injection protocol can be
inconvenient and so simplification of it was examined. The
first injection of a multi-injection protocol is always a tracer
injection of labeled ligand. It is well known that identifying
receptor concentration implies at least two injections, one
of which results in ligand occupation of a significant per-
centage of receptor sites. Thus, the second injection has to
include a large amount of unlabeled ligand. Two types of
two-injection protocols (coinjection and displacement) are
possible, depending on whether or not the second injection
includes a tracer dose of labeled ligand.

The displacement protocol is the simplest of the two, but
a previous study in dogs (1) showed that identification of
the parameters from data obtained using such a protocol
leads to two different solutions and thus provides two dis-
tinct sets of parameter values that fit the experimental data
with the same statistical quality. The same study showed

TABLE 2
Individual Model Parameters from MQNB Data in Six Normal Subjects Using the Protocols Described in Table 1

Parameter estimates + standard errors*

Parameters (units) Subj. 1 Subj. 2 Subj. 3 Subj. 4 Subj. 5 Subj. 6 Mean + s.d.t
PVg (min~") 0.29 + 0.02 0.29 + 0.02 0.42 + 0.02 0.34 + 0.02 0.41 = 0.03 0.28 + 0.03 0.34 + 0.06
K (min~") 1.7+02 1.2+0.1 22+03 18+04 45+20 26+1.1 23+1.1
k+1/NVa 14+08 15+05 15+04 15+06 09+04 12+06 133 £ 0.22

(ml/(pmole - min))
k_y (min~?) 0.45 + 0.20 0.23 + 0.03 0.33 £ 0.03 0.36 + 0.09 0.25 + 0.05 0.43 +0.02 0.34 + 0.08
Brnax (PMole/mi) 357+15 20.1 £ 09 19.6 + 0.8 182+ 1.1 344+15 279 +1.7 260+70
Fy 0.29 + 0.03 0.35 + 0.02 0.46 + 0.04 0.76 + 0.04 0.54 + 0.03 0.50 + 0.04 0.48 +0.14
KyVr?¥ (pmole/mi) 0.37 + 0.04 0.18 + 0.03 0.25 + 0.05 0.27 + 0.05 031 +£0.14 0.43 +0.14 0.30 + 0.08
*Standard errors calculated using the covariance matrix (7).
TUsual standard deviations calculated from the six experiments.
*Kd = k_,K,1-
Quantification of Muscarinic Receptors * Delforge et al. 985
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FIGURE 4. Simulation corresponding to experiment 1 (see Fig.
3). The solid line represents simulated experimental data consisting
of the sum of the concentrations of the two extravascular compart-
ments and the vascular fraction of bliood (including the effect of
spillover from the blood cavity). The dotted line corresponds to free

ligand concentration (compartment 2), the dashed line to specific
binding (compartment 3) and the short dashed line to the vascular
fraction.

how easy it is to distinguish the biologically correct solu-
tion by comparing the values of the parameters k and k_,
(1). The results obtained in humans confirm those obtained
in dogs, which indicate that the biologically valid solution
is the solution in which k_, is lower than k. Both protocols
can lead to a unique solution, but the coinjection protocol
has the advantage of leading directly to that solution.

To set up the best protocol, the experimental design
optimization method was used (22). In most situations,
there are a number of variables in the experimental proto-
col that can be chosen. It has been proven that a judicious
selection of sampling times, injected ligand doses and other
degrees of freedom can have a significant effect on param-
eter estimate uncertainties. Figure 5 shows the coefficient
of variation on By, as a function of unlabeled ligand dose
used in coinjection and displacement protocols. This sim-
ulation is based on the model parameters obtained with the
three-injection protocol (Table 2) and the coefficients of
variation have been calculated with a relative data standard
deviation equal to 1% (22). Figure 5 shows that the smallest
uncertainty on By,,, obtained using a coinjection protocol
is two times smaller than the best value obtained with the
displacement protocol. However, the most important re-
sult is that this small uncertainty is obtained with the coin-
jection protocol by using only 0.2 mg of unlabeled ligand
dose, whereas the best result with the displacement proto-
col implies the use of about 1 mg. Taking into account the
influence of the unlabeled ligand dose on heart rate (dis-
cussed later), this result is a strong argument in favor of the
coinjection protocol.

Table 3 shows the model parameter estimates obtained
with five subjects using the coinjection protocol. Figure 6
gives an example of an experimental curve and of the
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corresponding fitting result. A comparison with the results
from the three-injection protocol (Table 3) shows that re-
ceptor concentration estimation is not significantly altered
by simplification of the protocol.

Nonspecific Binding Effect

In the previous study in dogs (1), a four-injection proto-
col showed a nonspecific binding process which appeared
irreversible during the experiment. Because such a proto-
col is unsuitable for humans, we studied possible nonspe-
cific binding in two subjects using a double-displacement
protocol. This protocol was chosen using the following
experimental design consideration: to allow an increase in
the percentage of nonspecific binding in the PET concen-
tration at the end of the experimental curve. Figure 7
corresponds to one of these two studies and shows myo-
cardial PET data (symbol) and fitting results obtained from
the mathematical model including (solid line) or not includ-
ing (dotted line) irreversible nonspecific binding (parameter
k). The final quality of the fits appears satisfactory only if
irreversible nonspecific binding is included in the model.
The k,, values identified from the two experiments were
0.029 + 0.011 min~! and 0.033 * 0.023 min~, respec-
tively.

This parameter was not identifiable from the three-injec-
tion protocol because the corresponding fits are good with-
out it. To estimate, however, the errors resulting from this
neglected parameter, all three-injection protocol curves were
fitted to the model, including irreversible nonspecific binding
whose corresponding parameter k_ is not fitted and is set to
0.031 min " (the mean of the two estimated values using the
double-displacement protocol). Table 3 also shows the model
parameter estimates obtained using this method.

10
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L
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0 0.2 04 0.6 0.8 1
Unlabeled ligand dose (mg)

FIGURE 5. Effect of the amount of unlabeled dose used during a
coinjection experiment (closed diamonds) or a displacement exper-
iment (open diamonds) on the coefficient of variation of receptor
concentration estimates. These simulations were made with param-
eter values obtained from the complete protocol (Table 2) and a data
coefficient of variation set to 1% (22). For other values, the relative
parameter standard deviation was obtained by the product of the
coefficient of variation with the estimate of the data relative standard
deviation expressed as a percentage.
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TABLE 3
Comparison Between the Model Parameters Identified from MQNB Data Obtained with Different Conditions

Protocol Coinjection (n = 5) Three-injection protocol (n = 6)
- *
Correction Without Nonspecific Nonspecific*

parameters (units) Without Parameter estimates + standard deviations* + heart rate’
pVg (min~") 0.46 = 0.10 0.34 + 0.06 0.37 + 0.08 0.37 + 0.07
k (min~") 39+17 2311 23+07 24 05
K+ +Na 1614 13+02 16+06 17+07

(mV(pmole - min))
K_y (min~") 0.29 +0.24 0.34 +0.08 0.26 + 0.14 0.29 +0.13
Blnax (PmMole/ml) 25+7 26+7 2+6 20+6
Fy 0.41 +0.10 048 +0.14 0.55 +0.10 0.53 + 0.17
KoV (pmole/mi) 0.36 = 0.38 0.30 + 0.08 023 +0.14 0.20 + 0.11

*Nonspecific binding was not identifiable from this protocol, and these results corespond to identified parameters obtained by setting the value
of k., t0 0.031 min~", the average of the values identified from the two double-displacement experiments.

TParameter values obtained by using corrections of heart rate variations described in the text.

*Usual standard deviations calculated from six experiments (three-injection protocol) or from five experiments (coinjection protocol).

.Ka =K_1/Kys.

The parameter k¢ is small and simulations show that
with the three-injection protocol the percentage of nonspe-
cifically bound ligand, when compared to the PET mea-
sured concentration, was less than 0.7% at 1 min and
increased to 3% at 60 min and to 17% at the end of exper-
iment. This last percentage decreases with the unlabeled
ligand dose and it was always less than 8% with the coin-
jection protocol.

Heart Rate Variations and Their Iinfiluence on the
Estimated Parameters

For the six three-injection experiments, the baseline
heart rate was 69 * 12 bpm and remained unchanged after

tracer injection. The injection of unlabeled ligand (0.31 %
0.07 mg) at 30 min resulted in a slight heart rate increase (74
* 17 bpm). After the coinjection (including an injection of
0.43 + 0.26 mg of unlabeled MQNB), heart rate increased
within the 5 min following the third injection to a maximum
at 10 min (98 = 13 bpm) and persisted until the end of the
procedure.

In the five coinjection experiments, the baseline heart
rate was 74 + 6 bpm and coinjection at 30 min (including
0.25 *= 0.08 mg of unlabeled ligand) resulted in a slight
increase in heart rate (78 = 7 bpm).

Heart rate variations result in blood flow variations and
consequently in pVy parameter variations. Therefore, it is
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FIGURE 6. Coinjection protocol with tracer injection attime 0 (6.5
ug of ''C-MQNB with a specific activity of 826 mCi/uM) and injection
of labeled and unlabeled ligand at 30 min (8.3 ug and 0.2 mg of
MQNB, respectively). A comparison is made between the experi-
mental PET data (open diamonds) and the model simulation (solid
line).
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FIGURE 7. Double-displacement experiment with two injections
of 0.3 mg of MQNB at 30 and 60 min, respectively. A comparison is
made between the experimental PET data (open diamonds) and the
fitting result obtained with (solid line) or without (dotted line) nonspe-
cific irreversible binding. The fit is clearly the best and makes it
possible to estimate k..
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FIGURE 8. Normalized graphical plot used in analysis of myo-
cardial tissue data obtained after injection of ''C-MQNB. The ratio of
tissue-to-blood concentration at time t was plotted versus normal-
ized time, defined as the integral of blood concentration from time 0
to t divided by blood activity at time t, according to the method first

by Patiak. This figure was generated with data from study
1 (see Table 1) that coresponds to tracer injection (0—30 min) only.

important to estimate the relationship between baseline
heart rate and the parameter pVg. However, the use of the
identified parameters pVy (Table 2) for such a study is
open to criticism because they have been identified with
the hypothesis that they were constant during the experi-
ments, whereas heart rate was significantly increased after
the third injection. Thus, pVy corresponding to baseline
heart rate was estimated using the normalized graphical
method or the Patlak plot (26). The ratio of tissue-to-blood
concentrations at time t was plotted versus ‘“‘normalized
time,”” defined as the integral of blood concentration from
time 0 to t divided by the blood concentration at time t.
This graphical method was applied only on the first part of
the experimental curves resulting from the tracer injection
which were similar regardless of the protocol used.

Figure 8 shows the normalized graphical plot corre-
sponding to study 1 of Tables 1 and 2. The initial slope
corresponds to the parameter pVyg, and the slope of the
final linear portion of the curve has been used by some
authors to estimate kj, the classical notation of (k_,/Vg)
B;,.x- Similar to the result from the dog study (1), it can be
seen that the order of magnitude of the final slope (0.209
min~") does not correspond to the order of magnitude of k,
(50 min™!), but corresponds to that of pVg (0.29 min™").
The initial slope (0.295 min ") gives the exact value of pVg
identified with the fitting method. The difference between
the initial and final slope corresponds to the influence of
binding reversibility.

This graphical method of estimating the parameter pVg
has been applied to all 13 tracer injection curves. The corre-
sponding baseline heart rates ranged from 52 to 80 bpm.
Figure 9 shows that the initial slope of the Patlak plot and
thus the parameter pVy, increases almost linearly with heart
rate. Assuming that extrapolation of this linear relationship to
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higher values of heart rate (from 80 bpm to 110 bpm) is valid,
the influence of heart rate variations on identified parameters
was tested by imposing the constraint that pVy, varies simi-
larly to heart rate (HR). That is, at each time t, the model sets
PVR(®) = (PVR)vaseline * HR(t)/(HR)pgseiine- The results corre-
sponding to the three-injection protocol are given in Table 3,
where the pVy, value is the estimate of (PVg)pascline: A COM-
parison with the third column in the same table allows us to
conclude that heart rate variations have an effect on param-
eter estimates, but that this effect is not significant when
compared to the magnitude of standard deviations.

DISCUSSION

It is now possible to characterize different cardiac recep-
tors using antagonists of muscarinic, beta-adrenergic or
peripheral-type benzodiazepine receptors labeled with
positron-emitting isotopes (17,20,27). However, a meth-
od for quantitatively measuring these receptors is required
to investigate possible alterations in heart disease. PET
enables the direct measurement of labeled ligand concen-
tration in a ROI, but does not directly measure receptor
concentration, which requires a dynamic series of images
and a mathematical model.

The model for in vivo ligand-receptor interactions in-
cludes at least two steps. First, transport of the ligand from
the blood compartment to a free ligand compartment. Sec-
ond, a classical ligand-receptor interaction that is similar to
that used for in vitro studies. Thus, the mathematical
model includes at least five to eight parameters and the
estimation of such a number of parameters is only possible
with complex protocols which seem unsuitable for human
studies. Usually, some hypotheses are introduced in order
to simplify the model (such as equilibrium hypotheses), or
the receptor concentration variation is studied using in-
dexes theoretically correlated with receptor concentration.

05s

INITIAL SLOPE OF THE PATLAK PLOT (/min)

50 Y 70 80 90
HEART RATE (bpm)

FIGURE 9. Infiuence of the heart rate on the initial slope of the
Patiak piot. This initial siope directly gives pVg, which is related to
biood flow. Each symbol (black square) corresponds to one of the 13
experiments (only the first part of the curve corresponding to tracer
injection was used). The straight line is the fit with a linear curve
(y = —0.011 + 0.0052 x).
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It is true that these sorts of hypotheses can be useful
because they often provide a way of estimating receptor
concentration variations. However, validation of these hy-
potheses is often difficult and leads to doubtful results. For
example, it has been shown with MQNB that binding of the
labeled ligand is not limited by receptor concentration but
by the transfer from the blood compartment to the free
ligand compartment. This indicates that the normalized
graphic method is not suitable for estimating receptor con-
centration variations and that myocardial PET images ob-
tained after a single tracer injection would be a map of
myocardial blood flow rather than an actual map of recep-
tor distribution (Z,2).

We suggest that determination of a justified quantifica-
tion method implies two steps: (1) a preliminary study in
animals using complex protocols to provide consequent
information about ligand kinetics and (2) a simplification of
the model and an optimization of the protocol for human
studies based on hypotheses justified by preliminary ani-
mal study results. Quantification of muscarinic receptors
using MQNB as a ligand is the first example of this ap-
proach. The preliminary study demonstrated that PET
quantification of muscarinic receptors in dogs using a four-
injection protocol was possible (1). The present study was
undertaken to evaluate the possibility of estimating recep-
tor concentration in humans using only a two-injection
protocol.

The present results show that a complete protocol, in-
cluding three injections, allows all parameters of the model
to be estimated in humans. From these parameters and use
of an experimental design optimization procedure, it is
possible to set up an optimized two-injection protocol to
allow accurate identification of receptor concentration. Be-
sides the fact that the coinjection protocol has some incon-
veniences (chemists have more manipulations and the ra-
diation dose absorbed by the patient is doubled), it appears
more feasible than the displacement protocol for estimating
receptor concentration. In particular, this estimation is
possible with a coinjection protocol using an unlabeled
ligand dose with no significant effect on heart rate.

A comparison between the results from the three-injec-
tion protocol and the coinjection protocol (Table 3) shows
that the experimental design optimization procedure was
successful since individual uncertainty about receptor con-
centration as well as the mean values of receptor concen-
tration are not altered by simplification of the protocol. The
quantity of receptor sites available for in vivo binding
(B;.ax) estimated by the model was found to be 26 + 7
pmole/ml tissue with the three-injection protocol and 25 +
7 pmole/ml tissue with the two-injection protocol. The two
estimates are equal with a probability level of 0.87. This
value was calculated using the detailed results for B,
estimates (see Table 2 for the three-injection protocol re-
sults; the values corresponding to the two-injection proto-
col are 20.9 + 1.2,23.0 = 1.7, 20.2 + 1.8, 23.0 + 4.8, 38.7
+ 2.2 pmole/ml). These results are comparable to those
obtained in dogs either in vivo [42 + 11 pmole/ml tissue (7)]
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or in vitro with *H-QNB by our laboratory [8.6 + 0.9
pmole/g tissue or 105 = 5 pmole/g protein ()] or by other
authors (11 pmole/g tissue (I4) and 242 pmole/g protein
(28), which corresponds to about 19.8 pmole/g tissue by
taking into account the protein-to-tissue ratio measured in
our laboratory). This last value is very close to the estimate
of muscarinic receptor concentration obtained in humans
by using *H-QNB [275 pmole/g protein (29)].

Simplification of the protocol, however, led to a poorer
estimation of all other parameters. For example, the K;Vg
mean value determined using the three-injection protocol
was 0.30 = 0.08 pmole/ml tissue, whereas the value ob-
tained with the two-injection protocol was 0.36 * 0.38
pmole/ml. The latter mean value obtained in five subjects
appeared consistent with the mean value obtained using
the complete protocol, but the large standard deviation
observed with the two-injection protocol shows that the
individual values of K,V may be without real significance.
Individual estimates obtained for the five subjects were
0.20 + 0.20, 0.19 = 0.16, 0.29 + 0.09, 0.06 + 0.06, 1.08 =
0.23 pmole/ml, respectively. This comment applies in vary-
ing degrees to all the other model parameters except for
B...x- This is an indication that the coinjection protocol,
with chosen doses of unlabeled MQNB, was well opti-
mized to estimate receptor concentration. However, the
estimate of K Vy found by this multi-injection approach is
close to the value obtained in humans by using *H-QNB
[0.58 pmole/ml (29)].

The volume of reaction Vg is not identifiable from the
PET data. Because MQNB is a very hydrophilic molecule,
Vk can be considered close to the fraction of extracellular
fluid estimated at 0.15 ml/ml tissue (30). This value is in
agreement with the estimate obtained in the dog study by
comparing the K;Vy, value found in vivo by PET (0.072 +
0.021 pmole/ml tissue) with the K, value from the in vitro
method (0.49 + 0.06 pmole/ml tissue), which led to a Vg
value equal to 0.147 ml/ml (). A third estimate of this
parameter can be obtained by assuming that exchanges
between plasma and free ligand compartments were pas-
sive transfers. In this case, the two parameters p and k can
be assumed to be equal and Vp is deduced from the pVp-
to-k ratio. From the parameter values given in Table 2, Vy
is estimated by this method at 0.148 ml/ml. The three
estimates of Vy, are close to 0.15 ml/ml. By using this value,
the equilibrium dissociation constant K is evaluated at 2.0
+ 0.5 pmole/ml tissue.

The existence of an irreversible and nonspecific binding
process (parameter k) was previously shown in dogs
since a small part of the binding was not displaced by a
large excess of cold MQNB and appeared irreversible dur-
ing the experiments (I). In fact, this nonspecific binding is
probably spontaneously reversible with a low rate constant
not identifiable from PET data because of the short period
of ''C. Moreover, in humans, a large amount of unlabeled
MOQNB should be avoided, and therefore estimation of this
parameter and information about possible irreversibility of
nonspecific binding are more difficult to obtain. Assuming,
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however, this apparent irreversibility during the experi-
ments, the parameter k,, was estimated using a double-
displacement protocol. The two values (0.029 and 0.033
min ™) were comparable to the corresponding parameter in
dogs (0.046 + 0.009 min~") (/). Simulations showed that
the percentage of nonspecific binding is low. Therefore, the
effect of an individual variation of k,; is weak and, in
practice, the k¢ estimate from the double-displacement
protocol can be used as a constant parameter not subjected
to individual variations. Even when k,; was assumed to be
null, modification of the parameter estimates was not sig-
nificant, considering the standard deviations with the
three-injection protocol shown in Table 3. The influence of
k,s was further reduced with the coinjection protocol be-
cause the injected unlabeled ligand dose and thus receptor
occupancy and free ligand concentration were decreased:
B;,.x Was estimated to be 22 + 6 pmole/ml tissue with non-
specific correction and 26 + 7 pmole/ml without correction.
This estimation of irreversible nonspecific binding does not
give any information about possible nonspecific and revers-
ible binding. It is well known that the modeling approach
with PET data is not sensitive enough to detect possible
nonspecific and reversible binging reactions with associa-
tion-dissociation kinetic rate constants much larger than the
other compartmental rate constants. Such nonspecific bind-
ing is usually located in the free ligand compartment (31, 32).

The transfer coefficient k ,/Vy By.,, denoted by most
authors as k3, was calculated to be 34 min™ 1. which implies
rapid binding. After the first labeled injection, the mean
residence time in the free ligand compartment was only
several seconds and the probability of specific MQNB
binding to free receptor sites (defined by ki/(k; + k + k)
was equal to 94%.

The dissociation rate constant (parameter k_,) was esti-
mated to be 0.34 + 0.08 min~’, a value similar to that found
in dogs (0.27 + 0.03 min~") (1). This value indicates that at
any given time about 34% of specifically bound ligand
dissociated each minute, a far from negligible amount.
However, simple visual inspection of the uptake curves
showed a plateau a few minutes after injection of ''C-
MQNB, which could be interpreted as irreversible binding
(Figs. 3 and 6). In fact, a dissociated ligand molecule still
had a probability of 94% binding and thus the apparent
dissociation rate is only 0.02 min~' (6% of 0.34 min™"),
which explains the curve’s plateau. Thus, although MQNB
binds to the muscarinic receptor with a high affinity, our
results show that it can clearly dissociate from receptor
sites, and once it is in the free ligand compartment, there is
a much higher probability of the ligand rebinding to the
same or another free receptor site than escaping into cap-
illary blood. This high probability of rebinding could be due
to the distribution of receptors in clusters at synapses (24).

CONCLUSION

In vivo PET measurements allow the measurement of
binding parameters in ‘‘physiological’’ conditions. The
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present results show that it is now possible to quantify
myocardial muscarinic receptors in the human heart non-
invasively using PET with a simplified protocol by starting
with a tracer injection of ''C-MQNB followed 30 min later
by coinjection of labeled and unlabeled MQNB.

K4, however, is not accurately estimated from this pro-
tocol, which was optimized in this study for B,,,, identifi-
cation. In vitro animal studies have shown the possibility of
significant changes in affinity constants in pharmacological
conditions (10,33-35). A good estimation of K, implies
optimizing the two-injection protocol for better estimation
of this parameter or using the three-injection protocol,
which is longer but well tolerated. It seems reasonable to
begin with the three-injection protocol in the exploration of
a pathological condition when the pattern of receptor ab-
normalities is not known. Because these protocols are
completely noninvasive, it becomes feasible to investigate
possible changes in receptor density and/or affinity in pa-
tients.
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