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Abstract. The aim of this study was to determine wheth-
er the β-adrenoceptor receptor density (Bmax) and the li-
gand affinity (KD) of (S)-[11C]CGP 12388 for the β-adre-
noceptor receptor could be determined using full tracer
kinetic modelling of the transport of the ligand and its
interaction with the receptor. This approach minimises
the a priori assumptions and may thus serve as a gold
standard to validate other simplified methods. Dynamic
positron emission tomography (PET) data were acquired
in six healthy subjects during 60 min. Three different in-
jection protocols were applied, each consisting of three
injections with varying SAs: high specific activity (SA),
low SA or unlabelled ligand only. Arterial blood samples
were collected via a cannula in the radial artery. Time-
activity data in myocardial tissue were obtained using re-
gions of interest (ROIs) on short-axis planes. All data
were analysed with a two-tissue compartment, six-pa-
rameter (K1, k2, kon, koff, Bmax, Fbv) model that relies on
explicit compartments for describing the kinetics of both
labelled and unlabelled radioligand. Time-activity curves
showed that unlabelled ligand could displace the radioli-
gand from the receptor. This resulted in increased radio-
activity levels in plasma. Modelling results yielded Bmax
values of 9.74±1.80 nM and a KD of 0.58±0.22 nM, as-
suming a reaction volume of 0.15. In addition, paramet-
ric polar images of Bmax could be calculated. The proto-
col with injections of high SA, low SA, and unlabelled
ligand, respectively, was found to be the most sensitive
to parameter changes. We conclude that with tracer ki-
netic modelling of (S)-[11C]CGP 12388, the β-adreno-
ceptor density in the human heart can accurately be ob-
tained in vivo. This approach may thus serve as a gold
standard.
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Introduction

Positron emission tomography (PET) is an excellent tool
for investigation of the distribution of various receptors
in vivo in humans. However, the real challenge of study-
ing ligand-receptor interactions with PET is the quantita-
tive analysis of the pharmacokinetics and pharmacody-
namics of a radioligand in vivo, in order to assess recep-
tor densities and the affinity of a ligand for a particular
binding site. This pharmacological information allows us
to study receptor densities in normal and pathological
conditions, to monitor the effect of medical interventions
and to investigate the interaction of unlabelled drugs
with the receptor.

The β-adrenergic receptor density in the human heart
is altered in various pathophysiological conditions, in-
cluding hypertension, heart failure, ischaemia and hyper-
trophic and dilated cardiomyopathy (HCM, DCM) [1].
Quantification of myocardial and pulmonary β-adreno-
ceptors with PET is therefore likely to become a power-
ful tool by which to investigate β-adrenoceptor changes
during the course of these diseases and to monitor the ef-
fects of treatment [2].

β-Adrenoceptor densities have already been deter-
mined with PET in healthy volunteers and patients with
HCM or DCM [3, 4] or asthma [5], using the hydrophilic
β-adrenoceptor antagonist (S)-[11C]CGP 12177. In these
studies, the Bmax was calculated in a two-injection proto-
col [high and low specific activity (SA)], using a graphi-
cal method [6]. We prefer to quantify Bmax and KD with a
tracer kinetic model since, in principle, this allows the
identification of all model parameters while requiring
only standard a priori assumptions. In contrast, other
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simplified models, including the graphical model, are
based on many additional hypotheses and often allow
only the identification of composites of parameters (e.g.
Bmax/KD, rather than Bmax). For this study, (S)-CGP
12388, the isopropyl analogue of (S)-CGP 12177, was
used since it produces excellent PET images of heart,
lung and spleen, it is equally potent and its synthetic pro-
cedure is more suitable in a clinical setting than the mul-
tistep synthesis of (S)-[11C]CGP 12177 from [11C]phos-
gene [7].

Tracer kinetic models are designed to give a simpli-
fied description of the behaviour of a (radio)ligand in the
living body. In a standard two-tissue compartment model
for receptor binding, first proposed by Mintun et al. [8],
the tissue compartments represent free radioligand in tis-
sue and receptor-bound radioligand, where the input
function is represented by the free radioligand concentra-
tion in plasma. The transfer coefficients K1 and k2 re-
present the exchange between blood and tissue, while k3
and koff describe receptor association and dissociation
(Fig. 1). In principle, all parameters can be identified
from a dynamic PET scan using non-linear least squares
optimisation, which yields an equation/curve that best
describes the data.

Bmax can be calculated from k3=(kon/VR)×(Bmax–B),
where B represents the amount of ligand that is bound to
the receptor. However, for measurements with a tracer
dose it follows that B<<Bmax and thus only the combina-
tion (kon/VR)×Bmax can be determined. Therefore, high
and low SA measurements (preferably in a single experi-
ment) must be combined if a unique solution for Bmax is
required. Careful optimisation of the injection times and
SAs can improve the accuracy not only of Bmax but also
of the other model parameters [9, 10]. Once such a com-
plex model has proven its value, it may serve as a gold
standard during the optimisation and development of
simplified experimental procedures, such as the graphi-
cal method, that can be applied for routine patient stud-
ies.

The aim of this study was to determine whether tracer
kinetic modelling of (S)-[11C]CGP 12388 PET data can
yield all model parameters, and in particular the β-adre-
noceptor density and the ligand affinity, in the myocardi-
um of healthy volunteers.

Materials and methods

Preparation of (S)-[11C]CGP 12388. (S)-[11C]CGP 12388 was
prepared as described previously by reductive alkylation of the
(S)-desisopropyl precursor with [11C]acetone [11]. (S)-[11C]CGP
12388 was purified on an Econosphere C-18 column with saline
and 20 mM NaH2PO4/ethanol 88/12 (v/v) as mobile phase. The
flow rate was 5 ml/min. The end-product was diluted to an ethanol
percentage <10% and passed through a Millipore GP (0.22 µm)
filter. Total synthesis time was 38 min. The overall radiochemical
yield and SA were 10%–20% EOB and 19–102 MBq/nmol EOB,
respectively.

Human volunteers. Healthy volunteers were recruited using the
following inclusion criteria: age 18–65 years, willingness to coop-
erate and to sign an informed consent form, declared healthy after
medical examination (including screening for normal kidney and
liver function). Exclusion criteria were: a positive history regard-
ing myocardial ischaemia, hypertension, heart failure, angina,
wheezing or tightness of the chest related to asthma or chronic ob-
structive pulmonary disease, or infections of the upper respiratory
tract within the 4 weeks prior to the study, use of β-mimetics (sal-
butamol) or theophylline (≤12 and 48 h, respectively) prior to the
study, and, for females, pregnancy or possible pregnancy. The
study was approved by the Medical Ethics Committee of Gronin-
gen University Hospital. Each subject was informed about the pur-
pose and hazards of the experiment both orally and in writing, and
gave informed consent. Subject information (sex, age and weight)
is shown in Table 1.

Before the study, a cannula was placed in a vein of one of the
lower forearms. Another cannula was placed in the radial artery of
the contralateral arm, after patency of the ulnar artery had been
proven by the Allen test. The arterial cannula was inserted under
local anaesthesia with lidocaine. The venous cannula was used for
injection of the radioligand and the arterial line for blood sam-
pling.

Study protocol. The volunteer was placed in the PET camera (Sie-
mens/CTI ECAT 951/31, FWHM =6 mm) in the supine position.
A rectilinear scan was made for proper positioning (including the
heart, lung and spleen within the field of view). Arterial blood
pressure and electrocardiograms were monitored throughout the
experiment. To correct for attenuation, a transmission scan of
20 min was performed, using the internal 68Ge/68Ga sources.

Three different injection protocols were applied, each consist-
ing of three injections with varying SAs. The first injection always
contained (S)-[11C]CGP 12388 with high SA (SA at T0
=19.4–49.8 MBq/nmol). The second and third injections, adminis-
tered 20 and (approximately) 40 min later, contained either radio-
ligand in low SAs or non-radioactive ligand only. In Table 1 the
exact time of injection, amount of radioactivity and SA of each in-
jection in the different protocols are shown. In experiments using
three radioactive injections (volunteers 1 and 2, Table 1), a second
radiosynthesis was necessary for the third injection. All injections
were administered over a period of 1 min using a Medrad OP-100
remote-controlled pump (Medrad, Indianola, Pa.) and after each
injection the lines were flushed with saline to ensure complete de-
livery of the radioligand.

Data acquisition. Data acquisition was started at the onset of the
first injection. Two different acquisition protocols were used. In
both protocols the sequence of frame rates was repeated after each
injection, yielding a total acquisition time of 60 min. For volun-
teers 1–4 a frame rate of 6×10 s, followed by 2×30 s, 2×1 min,
2×2 min and 4×3 min was applied (3 times). To gain more infor-
mation about the behaviour of the (radio)ligand immediately after
injection, a more extensive acquisition protocol was used for vol-
unteers 5 and 6: 12×10 s, 2×30 s, 1×1 min, 2×2 min and 4×3 min
(3 times).

Arterial blood samples (2 ml) were drawn at 0.5-min intervals
during the first 5 min and at 10-min intervals from 10 to 20 min
after each injection. The radioactivity in plasma (250 µl, obtained
by centrifugation at 3,000 g for 5 min) and whole blood (250 µl)
was determined using a gamma counter (LKB Wallac Compu-
Gamma 1282 CS, Turku, Finland) which was cross-calibrated
with the PET camera. Radioactivity in the cellular fraction was
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calculated using plasma and whole blood data, in combination
with the measured haematocrit value. Radioactivity data were au-
tomatically corrected for dead time and decay.

Data analysis. For the data analysis of myocardial tissue, emission
scans (transaxial planes) were re-oriented into ten short-axis imag-
es, from the base of the heart to the apex. For analysis of the
whole left ventricle, several frames of the short-axis images, ac-
quired at the end of the first injection, were summed to produce
high-contrast images on which the regions of interest (ROIs) were

drawn. ROIs were drawn on the whole of the left ventricle in three
different planes and grouped together, yielding a single time-activ-
ity curve.

For parametric polar map analysis (volunteers 3–6), each
short-axis image was divided into 12 segments, using a fully auto-
matic non-operator-dependent program based on MATLAB (The
Mathworks, Inc., Natick, Mass.).

The mean tracer activity in all ROIs or polar map regions was
calculated (MBq/ml), after correction for 11C decay, and plotted
against time using ECAT software (CAPP7.1, CTI/Siemens,
Knoxville, Tenn.), running on a SUN/SPARC workstation. Para-
metric polar maps of Bmax values were smoothed using a two-di-
mensional gaussian filter.

Compartmental model. The compartmental model used in this
study, as shown in Fig. 1, is a non-equilibrium, non-linear model
based on the work of Delforge et al. [6, 9, 12]. It allows for the
calculation of the Bmax and the KD values. This model relies on ex-
plicit compartments for description of the kinetics of both labelled
and unlabelled radioligand. In this study, the model contained four
tissue compartments and six unknown parameters (Fig. 1). First
order rate constants (K1, k2, k3, koff) describe the transition of li-
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Table 1. Study information for the six volunteers and numerical values of the study protocol

Volunteer

1 2 3 4 5 6

Information Age (years) 25 24 41 50 25 46
Sex M F M M F F
Weight (kg) 69 66 88 64 65 73

First injection (T0) SA (MBq/nmol) 34.9 49.8 21.7 36.8 24.2 19.4
Activity (MBq) 194.7 119.5 201 218 201 201
Mass (nmol) 5.6 2.4 9.3 5.9 8.3 10.3

Second injection T1 (min after T0) 20 20 20 20 20 20
SA (MBq/nmol) 34.9 49.8 21.7 36.8 24.2 0
Activity (MBq) 390.4 217.9 394.8 388.9 434 0
Mass (nmol) 11.2 4.4 18.2 10.6 17.9 0
Additional mass (nmol) 81 77 105 66 62 270

Third injection T2 (min after T0) 45.5 54.5 40 40 40 40
SA (MBq/nmol) 94.9 102.1 0 0 0 19.4
Activity (MBq) 907.1 1517.6 0 0 0 429
Mass (nmol) 7.9 9.1 0 0 0 23.7
Additional mass (nmol) 318 300 405 294 300 248

SA (specific activity) and activity are given at T0

Fig. 1. Schematic representation of a tracer kinetic model incorpo-
rating explicit compartments for both labelled and unlabelled ra-
dioligand. Compartments represent the possible states of the li-
gand: in plasma (P), free in tissue (F) and bound to receptors (B).
Cross-hatched and open boxes represent hot and cold ligand con-
centrations, respectively. The superscript c refers to unlabelled
(cold) ligand. First-order rate constants (K1, k2, k3, koff) describe
the transition of ligand between different compartments. The SA is
used to generate a plasma input function for unlabelled ligand
from the plasma input of labelled ligand



gand between different states. K1 is presented in ml ligand/min per
ml tissue while the other rate constants are presented in min–1. The
rate constant k3 is not a proper constant but rather depends on the
available binding sites during the experiment; (kon/VR)×(Bmax–B–Bc).
Here kon [in ml/(min×pmol)] is the ligand-receptor association
constant, while VR represents the reaction volume. The concentra-
tion of available free receptors is given by (Bmax–B–Bc) in
pmol/ml, with B and Bc being the concentration of bound recep-
tors due to the labelled and the unlabelled ligand, and Bmax the to-
tal concentration of receptors, as discussed above.

Because of the limited resolution of the PET camera and the
internal heterogeneity of the tissue, the true local free ligand con-
centration is unknown. Therefore, the denominator VR was intro-
duced to account for the heterogeneity of the free ligand concen-
tration [13]. The parameter kon/VR is called the macroscopic asso-
ciation rate constant and corresponds to the association constant
measured with PET. Since (S)-CGP 12388 is a hydrophilic mole-
cule (log P=–0.6, [11]), its VR should be close to the fraction of
extracellular fluid in tissue, resulting in a VR of 0.15 [14].

The differential equations for describing the concentrations of
both labelled (hot) and unlabelled (cold) ligand in the different
compartments are:

(1)

(2)

(3)

(4)

where Cp, F and B represent the concentrations of the ligand in
plasma, free in tissue and bound to receptors, respectively
(pmol/l). The superscript c refers to unlabelled (cold) ligand. Note
that the models for the labelled and unlabelled ligand are coupled
through the effective association rate (kon/VR)×(Bmax–B–Bc). In
practice, B<<Bc so this association rate reduces to (kon/VR)×
(Bmax–Bc).

Solving these differential equations gives the simulated free
and bound concentrations of both labelled and unlabelled ligand.
For a given blood volume (Fbv), the final PET signal can then be
calculated from the following equation:

(5)

with CBL the concentration of ligand in blood.

Arterial input function. The concentration of hot ligand in plasma
(Cp) was assessed by blood sampling during the experiment. The
plasma data of the first and second injections were extrapolated to
60 min and subtracted from the measured plasma activity to yield
the net radioactivity in plasma after the second and third injec-
tions. This hot input function was applied to generate a plasma in-
put function for unlabelled ligand, using the SA of each radioli-

gand injection (indicated by the arrow in Fig. 1). When an injec-
tion consisted of unlabelled ligand only, the corresponding unla-
belled plasma curve was obtained by linear scaling and displacing
the plasma curve resulting from the first injection.

Parameter estimation. Due to the non-linear association rate
[(Bmax–Bc)F and (Bmax–Bc)Fc)] the differential equations (Eqs.
1–4) must be solved numerically. This was achieved using a multi-
step variable-order ordinary differential equations solver.

To calculate and minimise the error between simulated and
measured PET signal, a non-linear (weighted) least squares op-
timisation was applied, according to the interior-reflective Newton
method [15, 16]. Weighting was based on the measured total
counts rather than count rate, taking into account the decay correc-
tion of the PET data. The estimation of the uncertainties in the
model parameters was performed according to Millet et al. [17].
All calculations were performed in MATLAB (The Mathworks,
Inc., Natick, Mass.). For more details see, for example, [9] and
[18].

The optimisation routine employs the gradients of the error
functions. To prevent instability due to numerical differentiation,
the gradients were also calculated by the ODE solver. Since
∂/∂pi(∂PET/∂t)=∂/∂t (∂PET/∂pi), with pi one of the model parame-
ters, it is obvious that the required gradients themselves can be
written as a system of differential equations. This resulted in 20
additional differential equations, which were calculated simulta-
neously with the original four equations for the model itself. As
the ODE servers are generally most efficient when combined with
the Jacobian, the 24 by 24 sparse Jacobian matrix was also deter-
mined and supplied to the ODE solver. Optimisation took between
1 and 5 min (SUN UltraSparcII, 250 MHz) depending on the qual-
ity of the data and the fit starting values.

Sensitivity. The sensitivity of the fits for changes in the model pa-
rameters can be determined from the partial derivatives. These in
turn can be calculated numerically by finite differencing. For dis-
play purposes the response due to the consecutive perturbation by
+10% or –10% of the optimal parameters, determined previously
using non-linear least square fitting as described above, was also
calculated.

Results

Time-concentration curves

All protocols could be reliably completed within 1 1/2 h.
In Fig. 2 an example of a time-concentration curve (solid
line) is shown, which was obtained from an ROI drawn
on myocardial tissue from the whole left ventricle (mean
of three planes in volunteer 4).

After the first injection of (S)-[11C]CGP 12388 with a
high SA, apparent tissue levels of radioactivity rose to a
maximum, mainly due to spill-over from the blood pool
(see also Fig. 4), followed by a relatively slow decline,
reaching a plateau within 3 min. The subsequent injec-
tion of radioligand with low SA (volunteers 1–5) at
20 min also resulted in a very rapid rise in activity, fol-
lowed by a rapid decline (0.71±0.58 min–1). Radioactivi-
ty continued to decrease slightly (0.012±0.006 min–1),
indicating dissociation of the labelled ligand from the re-
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ceptor. The third injection at 40 min p.i., consisting of
unlabelled ligand only (volunteers 3–5), resulted in a fur-
ther decline in radioactivity (exponential decline:
0.22±0.07 min–1).

Volunteers 1 and 2 received a co-injection of labelled
and unlabelled ligand at 40 min, with a lower SA than
the second injection. This third injection produced a fast
rise in radioactivity, comparable to that after the second
injection.

In volunteer 6, the second injection contained unla-
belled ligand only. This resulted in an immediate de-
crease in labelled ligand comparable with the effect of
the third injection in volunteer 4, as shown in Fig. 2. The
results after the third injection in this volunteer resem-
bled those obtained after the second injection of all other
experiments. In plasma, after injections containing unla-
belled ligand only, radioactivity levels rose slightly (see
third injection in Fig. 3), as a result of the displacement
of labelled ligand from the receptor.

Figure 4 (upper graph) depicts the estimates of the
blood, free and bound concentrations of the labelled li-
gand (in volunteer 4), all corrected for blood volume,
constituting the PET signal as defined in Eq. 5. The low-
er graph of Fig. 4 shows the corresponding concentra-
tions for the unlabelled ligand, also corrected for blood
volume. The concentrations of ligand in blood and free
in tissue, both labelled and unlabelled, resembled those
observed in plasma, as depicted in Fig. 3. The concentra-
tion of labelled ligand that was bound to receptor sites
followed the measured PET signal, but was slightly low-
er. Clearly, unlabelled ligand displaced the hot ligand
from the receptor sites. The fraction of unlabelled ligand
that was bound to the receptors increased slightly after
co-injection or injection of unlabelled ligand, reaching a
plateau after 3 min (lower graph in Fig. 4). Although the
third injection contained more mass than the second one
(Table 1; volunteer 4), the calculated rise of unlabelled
bound ligand was not as high as after the second injec-
tion.

Figure 5 depicts the occupancy of the receptors by the
ligand over time. After the first injection only ca. 10% of
the receptors were occupied by the ligand. After the sec-
ond injection with low SA (see Table 1) already ca. 80%
of the receptors are occupied. A third injection with even
lower SA, occupies only ca. 10% more of the receptors.
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Fig. 2. Measured PET signal (●● ) and the simulated fit (solid line)
of volunteer 4 for a large region of the left ventricle. The dotted
lines represent the simulated response when Bmax was set at ±10%
of the optimal value

Fig. 3. Time-concentration curves of labelled (hot) and unlabelled
(cold) ligand obtained in plasma of volunteer 4

Fig. 4. Simulation of the PET signal obtained in the whole left
ventricle of volunteer 4, and the corresponding labelled (hot) and
unlabelled (cold) ligand concentrations in each compartment. All
concentrations are corrected for blood volume



Identification of model parameters

Individual estimates in the whole left ventricle of all ki-
netic parameters are presented in Table 2. Bmax values of
9.74±1.80 nM and KD values of 0.58±0.22 nM were cal-
culated, assuming a reaction volume of 0.15. No system-
atic differences were observed between the different in-
jection protocols, when considering the parameter val-
ues. Omitting the data from the third injection in volun-
teers 3–5 changed the receptor density by –3%, –8% and
6%, respectively, while KD values were changed by
–11%, –14% and –6%, respectively. The plasma peak ac-
tivity may be underestimated owing to undersampling in
the first minutes after the injections. To assess the effect
of this potential underestimation, plasma peak values
were increased by 20% and the optimisation was repeat-
ed. This had little effect on the parameters; for example,
Bmax changed by –4%±2%.

Data analysis with parametric polar maps displayed a
heterogeneous distribution of the estimated Bmax values
in the left ventricle; in all volunteers the receptor densi-
ties appeared to be higher in the inferior part of the left
ventricle than in the anterior part. Figure 6 shows the
distribution of Bmax in volunteer 4. The mean Bmax ob-
tained from the 120 segments amounted to 8.65±3.15
(mean±SD for volunteers 3–6).

Sensitivity

The simulated PET response was sensitive to a 10%
change in the Bmax, especially after the second and third
injections (Fig. 2), showing differences of up to
9%–10%. As expected, perturbing K1 by 10% changed
the response by 7% (average blood volume of 30%).
Changing the other parameters by 10% had much less ef-
fect on the fit (data not shown). The second protocol
(high SA – low SA – unlabelled) was most sensitive to
10% changes in the Bmax, while the third protocol (high
SA – unlabelled – low SA) was totally insensitive to
these changes.

Function of SA over time

The log SA was plotted for plasma and the two tissue
compartments to see how the SA of the compartments
differed over time (Fig. 7; volunteers 4 and 6). The first
injection resulted in constant high SA levels. The second
injection in volunteer 4 (low SA) lowered the SA in par-
ticular in plasma and the free compartment. Addition of
unlabelled ligand only (40 min in volunteer 4) lowered
the SA in plasma and the free compartment very rapidly
to a minimum, after which it increased again, probably
eventually reaching an equilibrium (after 70 min). The
SA of the bound compartment also decreased but much
more slowly, and without the rapid decline to a mini-
mum.

When the second and third injections were reversed
(volunteer 4 vs volunteer 6), the behaviour of the SA
was also reversed. The low SA injection at 40 min in-
creased all the SA values but most rapidly and most
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Fig. 5. β-Adrenoceptor occupancy after three injections of (S)-
[11C]CGP 12388 in volunteer 4

Table 2. Tracer kinetic parameters of (S)-[11C]CGP 12388 in the
left ventricle

Volunteer K1 k2 kon/VR koff Bmax bv KD

1 0.97 5.39 0.44 0.05 8.12 0.21 0.69
2 0.60 5.39 1.12 0.14 10.37 0.32 0.81
3 0.52 5.01 1.05 0.07 10.74 0.37 0.42
4 0.70 5.66 0.96 0.05 9.19 0.31 0.37
5 0.84 7.53 1.27 0.07 7.51 0.27 0.38
6 0.92 5.17 1.69 0.21 12.5 0.44 0.83

Mean 0.76 5.69 1.09 0.10 9.74 0.32 0.58
SD 0.18 0.93 0.41 0.06 1.80 0.08 0.22

Values for K1 are given in ml ligand/min per ml tissue, kon/VR in
ml/(min×pmol), k2 and koff in min–1, and Bmax in nM. The affinity
(KD in nM) is calculated by (koff/kon/VR)/VR, assuming that
VR=0.15. bv, Blood volume in the ROI

Fig. 6. Polar map of volunteer 4, demonstrating the regional distri-
bution of Bmax. A, Anterior; S, septal; I, inferior. Mean Bmax=
6.71±1.70



markedly in plasma and the free compartment, with an
apparent equilibrium state being reached after only
10 min. The bound compartment was not as sensitive to
the change in SA and increased more slowly, but also
reached an equilibrium after 10 min.

Discussion

Protocol selection

As shown above, multiple injections at different SAs are
essential for the accurate assessment of the Bmax. Two in-
jections (a tracer dose, followed by unlabelled ligand to
occupy the receptor) might be sufficient in some studies.
Delforge et al., however, showed that for [11C]MQNB, a
double-injection protocol may not provide a unique solu-
tion, although the simulated PET data resembled the to-
tal signal rather well. Therefore, these researchers sug-
gested that initially three injections are needed (a tracer
dose, followed by unlabelled ligand and ligand of low
SA) to determine which solution best describes the data
[12].

We also applied three injections in our experimental
protocol, which varied with respect to the amount of ad-
ditional unlabelled ligand. Three different protocols were
studied: (1) high SA – low SA – lower SA, (2) high SA –
low SA – unlabelled and (3) high SA – unlabelled – low
SA.

Although the different injection protocols displayed
no systematic differences in the parameter values (Ta-
ble 2), the sensitivities to parameter changes differed
markedly between the protocols. Initial analyses indicat-
ed that the second protocol, high SA – low SA – unla-
belled, was most sensitive to changes in the parameters,
especially the Bmax. Therefore, of the protocols investi-
gated we recommend this protocol to calculate Bmax and
KD in future studies. It also represents a logical starting
point for further protocol optimisation as proposed by

Muzic et al. [10]. An additional benefit of this protocol
is, of course, that it requires only one radiosynthesis and
has the potential to be reduced to only two injections at
different SAs with a total scanning time of 40 min. As
such it may also reduce the need for motion correction,
which may otherwise be essential for patient studies.

SA in multiple-injection protocols

Multiple-injection PET studies to assess receptor density
were originally analysed using a model which describes
only the kinetics of the labelled ligand [19, 20]. This
model was extended by Delforge et al., and now relies
on explicit compartments for description of the kinetics
of both labelled and unlabelled radioligand, which 
requires the solution of twice as many equations [9, 12,
21]. The main difference between these two models is
the way they treat unlabelled ligand. The first model us-
es an analytical expression for SA, which applies only to
the plasma and is an approximation for the bound com-
partment. In contrast, the second model accounts contin-
uously for SA in each compartment. When administering
more than one injection, the SA becomes a complex
function of time that differs for each compartment. As a
consequence, the SA calculated in plasma does not nec-
essarily represent that in the bound compartment. The
model with explicit compartments for labelled and unla-
belled ligand therefore provides a more realistic predic-
tion of the SA in the bound compartment. The preference
for the second model was also demonstrated by Morris et
al., who showed that the first model is unreliable because
it may give non-physiological changes in receptor avail-
ability and Bmax values with great uncertainties (error
30%–60%) [18].

In the present study the Delforge model was also cho-
sen for analysis of PET receptor data with multiple injec-
tions. In Fig. 7 the log SA was plotted against time for
each compartment. This figure clearly demonstrates that
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Fig. 7. Change in SA over time
in each compartment, using dif-
ferent injection protocols; high
SA – low SA – unlabelled (vol-
unteer 4) on the left and high
SA – unlabelled – low SA (vol-
unteer 6) on the right



the function of SA is very complicated, owing to the per-
sistence of ligand in each compartment from previous in-
jections, which contributes to SA thereafter. Further-
more, the function of SA in plasma does not resemble
the function of SA at the point of interest, the bound
compartment. These observations confirm the necessity
of describing the SA in the bound compartment sepa-
rately.

Reaction volume; apparent KD

PET data are expressed in quantities per unit tissue vol-
ume. However, the true local concentration in any point
cannot be measured in vivo because of the limited reso-
lution of the PET camera and the internal heterogeneity
of the tissue. To account for the heterogeneity of the tis-
sue, an additional parameter, the reaction volume (VR),
was introduced.

The VR can be estimated from the affinity measured
in vitro, and the apparent affinity in vivo (KD in vitro = KD

in vivo × VR). Moreover, the lipophilicity of the compound
also provides information about the ligand distribution in
tissue. Since (S)-CGP 12388 is a hydrophilic compound
(log P = –0.6), it can be expected to distribute according
to the fraction of extracellular fluid in tissue [14]. This
assumption leads to a VR of 0.15 for (S)-[11C]CGP
12388, as has previously been demonstrated for other
hydrophilic ligands [22, 23], including MQNB [13].

The in vivo affinity of (S)-CGP 12388 for the β-adre-
noceptor in the myocardium measured in this study
amounted to 0.58±0.22 nM, when corrected for a VR of
0.15. This corresponds favourably with the KD of CGP
12177 (0.33 nM for β1 and 0.9 nM for β2), as determined
in rat cardiac microsomes [24].

The use of VR is especially important in pathological
conditions, since distribution volumes in these condi-
tions may be significantly different from those in healthy
tissues. For example, in transplantation patients, heart
oedema results in an increased fraction of extracellular
fluid. This has previously been confirmed with MQNB
in transplanted patients, who had smaller KDVR values
than healthy volunteers, not because of changes in KD
but because of an increased VR [25].

Estimation of Bmax

β-Adrenoceptor densities, estimated in the whole left
ventricle, amounted to 9.74±1.80 nM. These values cor-
respond well with the range of cardiac β-adrenoceptor
densities found in healthy volunteers using (S)-[11C]CGP
12177 and the graphical method: 8.3–11.50 nM [3, 4, 5,
26, 27, 28, 29]. Moreover, they correspond fairly well
with the 40–86 fmol/mg protein that Brodde found in
vitro [30, 31], considering that tissue consists of approxi-
mately 10% protein.

The regional distribution of the β-adrenoceptor den-
sity in the left ventricle appeared to be heterogeneous,
with relatively large amounts of receptors in the inferior
wall, as compared with the anterior wall (Fig. 6). This
phenomenon was consistent in all four volunteers (vol-
unteers 3–6). Similarly, when using (S)-[11C]CGP
12177, higher β-adrenoceptor densities were observed
in the inferior wall of some of the healthy subjects and
HCM patients studied [32]. In contrast, other research-
ers found a uniform distribution of β-adrenoceptors
throughout the left ventricle with (S)-[11C]CGP 12177,
both in healthy controls and in subjects with HCM [3,
32]. A heterogeneous distribution of β-adrenoceptors
was also observed in homogenates of anterior and infe-
rior segments of the left ventricle, both in patients [33]
and in dogs [34]. In these studies, however, a more pro-
nounced β-adrenoceptor density was observed in the an-
terior wall as compared with the inferior wall, which is
not surprising since anterior myocardial infarction re-
sults in greater depression of left ventricular perfor-
mance than does inferior infarction [35]. Because of
these equivocal observations, the validity of the hetero-
geneity found in the present study remains to be exam-
ined, in particular considering the potential disturbing
effects of spill-over (e.g. from the liver) and signal loss
due to the partial volume effect (e.g. septal wall of the
myocardium). Once the contribution of these effects has
been clarified, parametric polar mapping may become a
valuable tool for investigating the regional distribution
of β-adrenoceptors in the myocardium of both patients
and healthy subjects.

Conclusion

Tracer kinetic modelling allows the estimation of all
model parameters of the β-adrenergic radioligand (S)-
[11C]CGP 12388. In healthy volunteers, Bmax and KD
were reliably calculated in the whole left ventricle
(9.74±1.80 nM and 0.58±0.22 nM, respectively) and re-
gional differences could be plotted in a parametric polar
map (120 different segments). The protocol with high
SA – low SA – unlabelled injections is to be preferred
since this is the protocol most sensitive to changes in
Bmax. We conclude that (S)-[11C]CGP 12388 in combina-
tion with a tracer kinetic method is useful for calculating
regional Bmax values in human left ventricle in vivo and
may serve as a gold standard.
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