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A new method has recently been developed to quantify pulmonary
beta-adrenergic receptors in vivo using PET. This study used in vitro
radioligand binding assay (RLBA) as the gold standard to validate in
vivo PET measurements. Methods: Five male patients with lung
cancer aged 57 yr (range 42-67 yr) were studied. PET scanning was
performed the day before thoracotomy to determine regional pul
monary beta-receptor density. RLBA was carried out on cell mem
branes prepared from specimens of lung tissue obtained at the
thoracotomy to measure beta-receptor density in vitro. In both
cases, the hydrophilic nonselective beta-antagonist radioligand (S)-
CGP-12177 was used. For PET studies, this was labeled with 11C
and for RLBA with 3H. Results: In the PET study, beta-receptor
density (Bmax)was 9.43 Â±1.32 pmole g 1tissue. In the RLBA study,
Bmaxwas 99.0 Â±15.5 fmole mg 1protein, equivalent to 9.90 Â±1.55
pmole g 1 tissue. These values are in good agreement with previ

ously reported in vitro measurements on human lung membranes
using 125l-iodocyanopindolol. A correlation was found between
beta-adrenergic density obtained using PET and beta-adrenergic
density obtained using RLBA (r = 0.92; p < 0.05). Conclusion: The
results support the use of PET as a new method for imaging and
quantifying pulmonary beta-adrenergic receptors in vivo, opening
the way for studies of physiological and pharmacological regulation of
beta-adrenergic receptors through noninvasive serial measurements.
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An humans, beta-adrenoceptors are widely distributed through
out the lung, with more than 70% of them being of the ÃŸ2
subtype. On airway smooth muscle, all beta-receptors are of the
ÃŸ2subpopulation (/). In addition to bronchial smooth muscle
relaxation, beta-receptor stimulation modulates many other
functions, e.g., surfactant production, mucous and serous gland
secretion, ciliary beating, chloride transport across the epithe
lium, acetylcholine release from parasympathetic nerve termi
nals and the inhibition of mediator release from mast and other
inflammatory cells.

Although changes in beta-receptor function have been dem
onstrated in chronic obstructive lung disease and cystic fibrosis
(2), and although beta-agonist drugs have been used widely to
treat asthma, beta-receptors have not been quantified directly in
the human lung in vivo until recently (3), mainly due to a lack
of suitable noninvasive methods. Previous investigations of the
pulmonary adrenergic system in man have relied upon the in
vitro measurement of beta-receptor density of circulating lym
phocytes (4,5). This approach assumes that lymphocytes reflect
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the beta-receptor status of lung, or assays of lung tissue
obtained postmortem (6) or at thoracotomy (7-9). Lymphocyte
receptors, however, may not necessarily mirror those of the
lung (8-10). Moreover, the premortem condition (high level of
endogenous cortisol and catecholamines) or premortem treat
ment (possible high dose of corticosteroids and beta-agonists)
may well influence the results, and serial measurements on
tissue samples, which are necessary for the study of the
physiological and pharmacological regulation of receptors, are
not feasible.

Early efforts to image intrathoracic beta-receptors in animal
models using gamma cameras and iodine-labeled radioligands
were only partially successful (11,12). Because nonspecific
binding was high (>40%), quantification of binding capacity in
vivo was not possible. The first satisfactory study to identify
beta-receptors noninvasively was the measurement of myocar-
dial beta-receptor density in the dog (13), which was achieved
in the early 1990s using PET and a hydrophilic ligand (RS)-
CGP-12177 labeled with "C. Subsequently, the active (S)

enantiomer of CGP-12177, which is 80 times more potent than the
(R enantiomer), was successfully produced by asymmetric synthe
sis (Â¡4)\o improve the signal-to-noise ratio. The original method
was then modified (3) to make this PET technique suitable for
quantifying beta-adrenoceptors in vivo in the human lung.

Radioligand binding is the method of choice for the in vitro
identification and quantification of beta-adrenergic receptors.
The purpose of the present study was to employ this classic
method to assess the accuracy of PET measurements and to
examine the relationship between beta-receptor density (Bmax)
derived from dynamic in vivo PET data and radioligand binding
carried out under equilibrium conditions in vitro using the same
ligand [(S)-CGP-12177] in the same subjects.

MATERIALS AND METHODS

Patients
Five male patients (aged 57 Â±9 yr) who were scheduled to

undergo lung resection for bronchogenic carcinoma were investi
gated. Their peak flow rates prior to the PET scan were 348 (range
160-480) 1. min '. These are approximately 60% of normal,

which is not unusual in lung cancer patients. None of the patients
took beta-agonists, beta-antagonists or any other drugs that could
have interfered with the sympathetic nerve system. A common
approach to general anesthesia was followed in all patients.
Induction was with thiopentone and anesthesia was provided by
N2O-enflurane and nondepolarizing muscle relaxants. All patients
gave written informed consent to the protocol, which was approved
by the Hammersmith Hospital Research Ethics Committee and the
United Kingdom Administration of Radioactive Substances Advi
sory Committee.
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FIGURE 1. Representative images of total lung density (A), regional pulmo
nary blood volume (B), extravascular tissue density (C) and beta-adrenocep-

tor binding per milliliter thorax (D) obtained from Patient 3. Image D was
obtained by adding the dynamic time frame images recorded between 10
and 30 min after the first injection of (S)-[11C]CGP-12177.

In Vivo Measurement of Beta-Receptors
PET Scanning. PET scans were performed using a 15-plane

positron camera with a slice thickness of 6.6 mm FWHM; the total
thickness of the transaxial lung sections was 10.8 cm. PET
scanning consisted of transmission, CI5O emission and (S)-
["C]CGP-12177 dynamic emission scans. The patients lay in the

supine position. A venous cannula was inserted into a forearm vein
for blood sampling and a second venous cannula was inserted into
the other arm for tracer infusion. Arterial blood pressure and
electrocardiograms were monitored throughout the study.

Transmission Scan. The scan information was recorded for a
20-min period during the exposure of a ring source of positron-
emitting 68Ge/68Ga which encircles the subject. These data were

used for attenuation correction of all subsequent emission data and
also provided images of the lung density distribution, Dtotal
(vascular plus extravascular, g ml"1 [g tissue per ml thoracic

volume]) (Fig. 1A).
Oxygen- 15-Carbon Monoxide Emission Scan. To obtain pulmo

nary blood volume VB (ml ml"1 [ml blood per ml thoracic

volume]), a 6-min emission scan was performed 5 min after the
start of a 4-min inhalation of 15O-labeled carbon monoxide (C15O)
in air. C15O was administered at a concentration of 3 MBq ml"1
and at a flow rate of 500 ml min"1. C15O combines with
hemoglobin to form l5O-carboxyhemoglobin in the red blood cells

of the lung capillaries. Blood samples were taken 0, 2, 4 and 6 min
after the start of the C15O scan to relate vascular radioactivity to the
equilibrium images of the CI5O distribution, thereby allowing the

calculation of regional pulmonary blood volume (Fig. 1B) to be
used later in the calculation of receptor density. Regional blood
density values DB (g blood ml"1 thorax) were obtained by

multiplying VB by 1.06 (whole blood density). Quantitative imagesof pulmonary extravascular tissue density Dcv (g ml"1) (Fig. 1C)

were then calculated by subtracting DB from the normalized
transmission scan or D,otaias previously described (15).

Carbon-ll-CGP-12177 Dynamic Emission Scan. (S)-CGP-
12177 [(3 ' -tert-butylamino-2 ' -hydroxypropoxy)-benzimidazol-2-

one] was asymmetrically synthesized and labeled with the short
lived positron-emitting radionuclide MC (Tv, = 20.4 min) on site
(14). (S)-["C]CGP-12177 produced by this method exceeded 99%

chemical and radiochemical purity. Measurement of pulmonary

beta-adrenoceptor density was performed using a modification of
the double injection method of Delforge et al. (13). A high specific
activity (S)-["C]CGP-12177 preparation (175.3 Â± 13.3 MBq
(S)-[nC]CGP-12177 in 4.6 Â±0.2 jug cold (S)-CGP-12177) was

given intravenously over 2 min, followed 30 min later by a second
injection of (S)-["C]CGP-12177 with a lower specific activity
(347.6 Â±27.0 MBq (S)-[UC]CGP-12177 in 25.2 Â±1.0 /ig cold

(S)-CGP-12177). Cold CGP-12177 was added to the original
preparation (where necessary) prior to dividing the sample for the
two injections, in order to provide the required cold CGP-12177
content in injection 2. Fifty-five dynamic emission images were
obtained, starting at the time of the first injection, over 75 min (Fig.
ID).

Calculation of Beta-Adrenoceptor Density. Images were ana
lyzed on SUN workstations with Analyze image analysis (16) and
Matlab (The Math Works, Inc., Natick, MA) mathematical software
package. Regions of interest (ROIs) for the lung were drawn on the
transmission images. Lung tissue on the tumor side only was
analyzed. Tumor lesions, identified as high density areas in the
transmission images, were excluded from normal lung regions. In
the 15 planes scanned, the most caudal plane was selected from the
second plane above the diaphragm. To generate pulmonary tissue
tracer time-activity curves, ROIs were projected onto the dynamic
(S)-["C]CGP-12177 images. The mean tracer activity in serial

lung planes (cranio-caudal) was calculated and plotted against
time. The extravascular tissue tracer time-activity curve was
obtained by subtracting the pulmonary vascular (S)-["C]CGP-
12177 time-activity curve (calculated from the CI5O blood volume
data and (S)-["C]CGP-12177 activity in the venous blood sam
ples) from the regional (S)-[' 'C]CGP-12177 time-activity curve. A

graphical approach derived from Delforge et al. (13) was used to
calculate the Bmaxof pulmonary beta-adrenoceptors in each ROI,
taking into account the total amount of cold ligand in both
injections. This technique was further modified to express Bmaxas
pmole g" ' (pmole per gram of tissue) by normalizing Bmaxto local

values of extravascular tissue density.
Theory of the Graphical Method. This approach relies on a

difference in the kinetic behavior of the radioactive ligand when
injected under conditions of low and high specific activity, and is
based on the following differential equation:

dB(t)

dt
_ +=VR[B" B(t)]F(t)-k_,B(t),

where B(t) and F(t) are the molar concentrations of the bound and
free ligands, respectively; VR is the volume of reaction for free
ligand in tissue; k+1 is the bimolecular association rate constant
and k^, is the dissociation rate constant. This allows the formula
tion of two equations (one for each injection) that can be solved to
calculate the density of available receptors (Bmax) in terms of
measurable quantities (13).

The method is essentially an uptake measurement where asso
ciation of the tracer to the receptor site dominates the kinetics and
the small effect of dissociation (the term k_, B(t) in the equation)
is accounted for in the analysis by exponential extrapolation.

In Vitro Measurement of Beta-Receptors
Radioligand binding assays of normal lung tissue obtained from

thoracotomy and lobectomy performed one day after the preoper
ative PET scans were undertaken using (S)-[3H]CGP-12177.

Preparation of Cell Membranes. All lung tissues obtained were
from lobectomy specimens. A piece of peripheral lung (approxi
mately 5 g wet weight) was removed for ligand binding from a
region free of gross tumor. Each piece was sampled as far away
from the tumor lesion as possible. An adjacent portion of the tissue
was inflated with a 1:4 mixture of OCT Embedding Matrix
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(CellPath, England) and phosphate-buffered saline. A suitable
block was snap frozen in melting isopentane. A cryostat microtome
section from this block was stained with hetnotoxylin and eosin
and examined under a microscope to confirm the absence of tumor
and tissue apparent abnormalities. The tissue was minced, sus
pended in an ice-cold homogenate buffer containing 20 mM
tris-HCl, 0.9% NaCl at pH 7.4 and then homogenized with an Ultra
Turrax homogenizer (TP 18-10, Janke and Kunkel KG, Staufen,
Germany) at half and full settings for 1 min each. The homogenate
was centrifuged in a Sorvall RC 5B centrifuge at 500 X g for 10
min at 4Â°Cto remove the undisrupted elements and fibrous tissue.
The supernatant was recentrifuged at 48,000 X g for 15 min at 4Â°C.

The pellet was subsequently washed, resuspended and stored at
-80Â°C until use.

The protein concentration was determined according to the
methods of Lowry et al. using bovine serum albumin as the
standard (17).

Radioligancl Binding Assays. The frozen membrane preparation
was allowed to thaw at 4Â°Cand finally resuspended to a concen
tration of 0.5-1.0 mg ml ' protein in an incubation buffer

containing 20 mM tris-HCl, 10 mM MgCl2, 0.9% NaCl at pH 7.4.
100 /xl of membrane suspension was incubated with seven con
centrations (0.06-3.2 nA/) of (S)-[3H]CGP-12177 (53 Ci/mmole,
Amersham International Pic., England) at 37Â°Cfor 60 min in a

total volume of 250 Â¡i\.These conditions allowed complete
equilibration of the receptor with the radioligand. The reaction was
stopped by adding 2 ml of ice-cold washing buffer containing 10
mM tris-HCl, 2 mM MgCl2, 0.9% NaCl at pH 7.4 and immediate
filtration through Whatman GF/C glassfiber filters using a Brandel
cell harvester (Brandel, Biomedicai Research and Development
Laboratories, U.S.A.). Each filter was washed three times with 5 ml
of ice-cold washing buffer to separate bound from free ligand.
Filters with retained radioactivity were left overnight in 10 ml of
scintillant and counted using a liquid scintillation counter. Mea
surements were carried out in triplicate at each concentration of
(S)-[3H]CGP-12177 for each experiment.

Analysis of In Vitro Saturation Binding Isotherm. Saturation
curves were analyzed according to the equation:

R = RDtol D F/(KD + F) + Kns â€¢F,

where Btol (fmole mg ' protein) is the observed bound (S)-
[3H]CGP-I2177 and F (nA/) is the free concentration of (S)-
[3H]CGP-12177 (original total concentration with correction for

observed bound fraction). Estimates of the parameters Bmax(fmole
mg~ ' protein), KD (nM) and Kns(nonspecific binding constant; ju.1
mg~ ' protein) were obtained with the binding computer program in

the MRC Cyclotron Unit.
Scatchard plots were initially employed to analyze a preliminary

study on rat lung tissue and the data from Patient 1 to estimate the
binding parameters. In these cases, lung tissue membranes were
incubated at each concentration of (S)-[3H]CGP-12177 both with
and without 80 fiM of ( â€”)-isoproterenol to determine nonspecific

binding experimentally. Scatchard analysis gave the results: Bmax= 434 fmole mg"' protein, and Kn = 0.136 nM for rat lung tissue;

and Bmax=117 fmole mg ' protein, and K|} = 0.070 nM for lung

tissue from Patient 1. These values were then used as the starting
values for the iterative computerized nonlinear curve fitting to give
the final results: 463 fmole mg"1 protein, KD = 0.148 nM for rat
lung tissue; and Bmax=115 fmole mg ' protein, KD = 0.073 nM

in Patient 1.
Competitive Binding Experiments. Competitive binding between

(â€”)-propranolol, a nonselective beta-antagonist (Sigma, England),
ICI 118551, a selective /32-antagonist (Cambridge Research Bio-
chemicals, England) or CGP 20712A, a selective /3,-antagonist
(Ciba-Geigy LTD, Switzerland), and the radioligand (S)-[3H]CGP-

â€¢(-)-Propranolol

â€¢ICI 118.551

Â» CGP20712A

â€¢12 -11 -10 -Â« -8 -7 6 5

log [antagonists] (mol/1)

FIGURE 2. Competition for specific (S)-pH]CGP-12177 binding to human
lung membranes by beta-adrenergic antagonists. Lung membranes were
incubated with 0.5 nM (S)-pH]CGP-12177 in the presence of increasing
concentration of nonselective ( )-propranolol, ÃŸ2-selectiveIC1118, 551 and
j3,-selective CGP 20712A.

12177 for human lung membranes was performed by incubating
lung membranes from Patient 2 with 0.5 nM of (S)-[3H]CGP-

12177 and a series of concentrations of the three antagonists. The
competition curves were analyzed with the EBDA and LIGAND
nonlinear least-square curve fitting programs (18).

Statistical Analysis
Data presented are mean Â±s.d., unless otherwise stated. For the

linear regression analysis, a p < 0.05 was considered statistically
significant.

RESULTS

Competitive Binding In Vitro
The results of the competition experiments for Patient 2 are

shown in Figure 2. This figure demonstrates that the three
competitors (beta-antagonists) bind more to the receptors as
their concentrations increase, thus allowing less of the radioli
gand (S)-[3H]CGP-12177 to bind. The curve for propranolol

was monophasic, while the curves of ICI 118551 and CGP
20712A were biphasic. Analysis with the ligand program
generated dissociation constants (KÂ¡)for the three competitors
as summarized in Table 1.

Beta-Receptor Density, KD and Nonspecific Binding

A representative saturation curve obtained under equilibrium
conditions in vitro is shown in Figure 3. All binding parameters
were estimated with the computer-assisted nonlinear curve
fitting program. The results of the in vitro radioligand binding
measurements and the in vivo PET measurements are summa
rized in Table 2. KD in vitro was a rather variable parameter,
ranging from 0.07 nM to 0.17 nM (mean 0.14 nM). The
nonspecific binding for the group at KD equivalent (at which
(S)-[ H]CGP-12177 concentration equates to KD value) was
only 3% of the total binding. In the radioligand binding study,
Bmax was 99.0 Â±15.5 fmole mg ' protein. In the PET study,
VB was 0.096 Â±0.017 ml ml'1, Dcv was 0.176 Â±0.017 g mP1
and Bmaxwas 9.43 Â±1.32 pmole g~ ' tissue. A relationship was

observed between beta-receptor density quantified using PET
and receptor density determined by radioligand binding assay.
Regression of in vivo estimates against in vitro measurements
showed a significant correlation (r = 0.92, p < 0.05) (Fig. 4).
In an attempt to assess the extent of agreement, a Bland-Altman
plot was constructed. Bmax obtained using PET was convertedto fmole mg~ ' protein [the percentage of tissue protein was

PET IMAGINGOF LUNGBETA-ADRENOCEPTORSâ€¢Qing et al. 1277



TABLE 1
Dissociation Constants for Beta-adrenergic Antagonists Displacing (S)-[3H]CGP-12177 Binding to Human Lung Membranes

Beta-antagonists(-)-Propranolol

IC1118,551CGP20712AK,*(M)1.0

x 10~9 Â±0.1

3.02.1â€¢V(M)Â±0.5xÂ±1.3Xio-9io-91.96.1"W(M)Â±
0.5 x10~7Â±
0.4 x 10~6ÃŸ,

-subtype19.220.6ÃŸj-subtype80.879.4

Values shown are means Â±s.e.m.
* = dissociation constant of the whole beta-receptor population for the competitor,f = dissociation constant of the high affinity sites for the selective

beta-antagonists, * = dissociation constant of the low affinity sites for the selective beta-antagonists.

taken as 10% (13)] and the difference between the two methods
plotted against their mean (19) (Fig. 5). The mean difference

protein. The s.d. of thewas found to be 4.66 fmole mg
differences between the two methods was 6.26 fmole mg
protein. The upper limit of the 95% confidence interval ( +
2 s.d.) for the bias was 17.2 fmole mg ' protein and the lower

a>
8

(S)-[3H]CGP-12177 Concentration (nM)

FIGURE 3. Saturation curve of (S)-pH]CGP-12177 binding to membranes of
human lung tissue. Total binding (T) was determined over a broad concen
tration range and decomposed into spÃ©cifie(S) and nonspecific binding (N)
with a computer-assisted nonlinear curve fitting program called binding.

TABLE 2
Summary of Binding Parameters In Vitro and In Vivo

Patientno.12345GroupKO(nM)0.0730.1250.1710.1600.1640.14

Â±0.04Nonspecific(%)1.73.32.06.03.73.3Â±1.7Bmax

invitro(fmole/mgprot)115.089.976.6107.7105.899.0

Â±15.5Bmax

invivÂ°(pmole/gtissue)10.627.848.1610.3910.169.43

Â±1.32

Values shown for the group are means Â±s.d. KD = equilibrium dissoci
ation constant; Nonspecific = nonspecific binding/total binding at KD equiv
alent; Bmax in vitro = receptor density estimated by radioligand binding
assay; Bmaxin vivo = receptor density estimated by PET; fmole/mg prot =

fmole/mg protein.

limit was â€”7.9fmole mg ' protein. Thus, the PET measure

ment may differ from the RLBA measurement by 17 fmolemg~' below and 8 fmole mg~' above.

DISCUSSION
This study was performed to assess in vivo quantification of

pulmonary beta-receptors in humans using (S)-["C]CGP-

12177 and PET. CGP-12177 has been shown to satisfy the
criteria required for specific binding of a ligand to its receptor

10-

9-

M

I
to

r=0.92
p<0.05

70 80 90 100 110 120

Bmax by RLBA (fmol/mg protein)

FIGURE 4. Correlation between pulmonar/ beta-adrenoceptor density ob
tained by PET and by radioligand binding assay.

20-â€¢3>
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ini
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.... ... Mean +2SD0
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o1

80 90 tOO 110120Average

Bmax by the two methods (fmol/mg)

FIGURE 5. Bland-Altman plot of the PET and RLBA measurements of B^
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both in vitro and in vivo: high affinity, saturability, specificity
and sterospecificity (20-22).

Competition Studies. Propranolol is one of the most com
monly used nonselective beta-antagonists, while ICI 118551
and CGP 20712A are relatively new selective beta-antagonists.
The previously reported values obtained with (-)-[125I]-iodo-

cyanopindolol (23) for the binding affinity of ICI 118551 with
ÃŸ,and ÃŸ2adrenergic receptors are 0.13 [ÃŒ.Mand 0.72 nA/,
respectively. The corresponding values for CGP 20712A are 0.9
nM and 6.3 ^M. The large difference between their KÂ¡values
for ÃŸ,and ÃŸ2subtypes renders them the best ligands so far to
study the subpopulations of beta-adrenoceptors. Since the study
of beta-adrenoceptors in human lungs using (S)-[3H]CGP-

12177 as radioligand has not been reported, it is necessary to
show specific (SH^HJCGP-^n? binding to beta-adrenocep

tors. This was achieved in the present study by demonstrating
competition between (S)-[3H]CGP-12177 binding to human
lung membranes and the beta-antagonists mentioned above.
Furthermore, the current study demonstrated that the three
antagonists competed for (S)-[ H]CGP-12177 with the appro
priate potency. Our results (Table 1) are in agreement with the
typical values obtained previously using (S)-['25I]-iodocyan-

opindolol (23) and are consistent with the finding that the
majority of beta-receptors found in the human lung are of the ÃŸ2
subtype (/).

Analysis of In Vitro Saturation Curves for (S)-f"CJCGP-

12177. There are two approaches to analyzing the results of
radioligand binding experiments: Scatchard plot analysis and
nonlinear regression analysis. We chose the latter for several
reasons. First, nonlinear regression allows one to fit experimen
tal data directly, in terms of specific and nonspecific binding,
and avoids a linear transformation (e.g., Scatchard plot), which
can magnify experimental error. This provides a powerful
means of analyzing radioligand binding data (24). Secondly, in
order to perform Scatchard plot analysis, nonspecific binding
needs to be obtained by the incubation of tissue samples in the
presence of an unlabeled drug that binds to virtually all the
receptors. Hence, any inappropriate concentration of this drug
or inappropriate choice of the blocking drug itself will lead to
an over or underestimation of the receptor density. Nonlinear
regression analysis on the other hand, avoids the need to make
experimental determinations of nonspecific binding altogether,
relying instead on a mathematical definition. In the current
study, nonlinear regression was performed on the data for total
binding using an equation describing one saturable (specific)
and one nonsaturable (nonspecific) class of binding sites.

EquiUbrium Dissociation Constant (KI3).(S)-CGP-12I77 is
generally considered to be a nonselective beta-antagonist (with
less than twofold selectively towards the ÃŸ,subtype) (25). The
KDof 0.14 nM obtained in the current in vitro binding study on
human lung tissue was close to the previously reported values:
0.11 nM(26) and 0.20 nA/ (20) in glioma cells, 0.29 nM (27)
in guinea-pig lung tissue and 0.40 nM (25) in rat myocardial
membranes. These values indicate that (S)-CGP-12177 is a
beta-receptor ligand with high affinity. It is more potent than
dihydroalprenolol (DHA) which has a K.nvalue of 0.5 nM (20),
a commonly used tritiated beta-antagonist ligand. An in vivo
KD, however, cannot be obtained using the present approach
with PET. Calculation of KD needs values for the parameters
k+1, VR and k_, (see MATERIALS AND METHODS for the
definition of the terms), none of which are known. Measure
ment of k_| would require administration of a saturating dose
of a beta-antagonist (e.g., propranolol) to displace (S)-
["CJCGP-12177 from lung tissue in vivo. Although this has

been achieved in the anesthetized dog using pindolol (28), large

doses (>30 mg intravenously) would be required in humans,
which is not a practical proposition. Thus, KD was not deter
mined in vivo.

Nonspecific Binding. The short life of "C (T'/i = 20.4 min)

and the fact that a rapid intravenous injection of a large dose of
propranolol is impractical rules out the in vivo measurement of
the nonspecific binding fraction in humans by means of a
displacement experiment. In a previous study on rat lung (21 ),
nonspecific binding in vivo was shown to be â€”6%of the total
binding, as determined by tissue-to-plasma ratios of 9.6 and 170
with and without a blocking dose of propranolol (7 ptmole kg"1

intravenous bolus). In a similar study in humans, a 20-min
infusion of 20 mg propranolol was administered prior to
injecting (S)-["C]CGP-12177 to block specific binding. This
resulted in a lower lung tissue-to-plasma ratio of 6.2, compared
to 108 without blocking (29). These findings suggest that
(S)-CGP-12177 binds to beta-receptors in lung in vivo with less
than 6% nonspecific binding. Moreover, nonspecific binding
determined in the present in vitro experiment varied between
2% and 6%, which agrees well with previous in vitro studies
showing nonspecific binding being <5% (20,26). These data
confirm the impressively low nonspecific binding value of
(S)-CGP-12177. The quantification of pulmonary beta-receptor
density using (S)-["C]CGP-12177 is greatly simplified if the
measurement of nonspecific binding (~6% in humans) can be
omitted. This is important since beta-blocker administration
would be a contraindication in some clinical cases (e.g., asthma)
and since performing paired PET scans to determine nonspe
cific binding in every subject would be costly and would expose
subjects to an undue amount of radiation.

Functional Characteristics of (S)-["CJCGP-12177. One of
the characteristics of (S)-["C]CGP-12177 is that it is metabo

lized at an extremely slow rate in humans. Metabolite studies
(30) have shown that more than 97% of the plasma radioactiv
ity was unchanged (S)-[' 'CJCGP-12177 one hour after intrave
nous injection. This was important, since PET measures "C

indiscriminately.
A further merit is that CGP-12177 is hydrophilic, unlike

other radioligands ([e.g., [3H]-DHA, [125I]-iodocyanopindolol
and [3H]-carazolol]) which are lipophilic. Because of its high
hydrophilicity, (S)-["C]CGP-12177 binds only to surface

membrane receptors, the majority of which are functionally
coupled to adenylyl cyclase. Thus, (S)-["C]CGP-12177 does

not bind to internalized receptors and will not be trapped inside
cells. Therefore, the signal detected is functionally relevant and
nonspecific binding is very low. In theory, (S)-["C]CGP-12177

could detect alterations in the membranes of cell surface
receptors that occurred without any change in the total number
of receptors.

In Vivo-In Vitro Comparison. In the radioligand binding
assay, the mean Bmaxfor the five resected lung tissue sampleswas 99.0 Â±15.5 fmole mg~ ' protein. In the PET study, the
mean Bmaxwas 9.43 Â±1.32 pmole g~' tissue. Using [I25I]-

cyanopindolol, Carstairs et al. (I) studied the binding charac
teristics of tissue sections and membranes prepared from humanlung. Bmaxwas 126 Â±8.6 fmole mg~ ' protein (mean Â±s.e.m.,
n = 9) for the sections and 95 Â±5.5 fmole mg"1 protein

(mean Â±s.e.m., n = 3) for the membrane preparations. Using
another commonly used ligand, [I25l]-pindolol, Liggett et al.
(31) obtained a similar Bmaxvalue of 83 Â±10 fmole mg '
protein (mean Â±s.e.m., n = 11) for human lung membranes.
All the above values are in close agreement with the current
results. These values, however, are lower than those reported by
Hauck et al. (<V),who obtained receptor densities of 235 Â±26fmole mg" ' protein using human lung membrane homogenates.
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The in vivo value of Bmaxreported in this paper (9.43 Â±1.32
pmole g~') is lower than our previously determined value of
14.8 Â± 1.6 pmole g"' for normal lung tissue (3). This

difference may arise for two reasons. First, the extravascular
density (Dev) value determined for our group of patients (0.176g ml"1) and for groups of normals currently being studied (0.16
to 0.20 g ml') is higher than that reported by Ueki et al. (0.137
g ml~') (3). Because of the consistently higher range of values

currently obtained, we feel that the lower Dev value obtained by
Ueki et al. may have been incorrectly low, resulting in falsely
high Bmaxvalues when expressed per gram of lung tissue. Had
a Dcv value of 0.137 g mP1 been found in this study, however,
it would have resulted in a Bmax value of only 12.1 pmole g~'.

This value is still lower than that found by Ueki et al. and
suggests that the receptor density of lung tissue in these tumor
patients is less than that found in normals. This may arise
because of an age difference between the patients studied here
(57 Â±9 yr) and the normals studied previously (26 yr: range
21-34 yr), an effect of stress on the patients prior to the
thoracotomy (resulting in a possible down-regulation of recep
tor density) or the effect of active agents on the receptors
produced by the tumors themselves.

More important, however, was the portion of the present
study that showed that the beta-receptor density estimates in
vivo correlated with those obtained in vitro, using the same
ligand and the same lung for the comparison. Thus, compared
with the classic method of radioligand binding assay, PET
appears to be a sensitive and accurate means of quantifying
human pulmonary beta-receptors in vivo. Bmaxvalues obtained
using PET have been normalized by extravascular lung tissue
density to provide the value of receptor density with units ofpmole g~ ' tissue, whereas Bmax obtained in vitro was normal
ized to tissue protein content to provide units of fmole mg~ '

protein. If the tissue protein content of wet tissue is taken to be
10% (13), the results of the two measurements are similar in
absolute terms. In view of the different physiological milieu
prevailing at the time of the in vivo and in vitro measurements
and the different normalization techniques used for the two
methods (per g extravascular tissue for PET and per mg protein
for in vitro), the similarity of these two values is somewhat
fortuitous. Even so, the correlation between the PET and
radioligand binding methods (Fig. 4) suggests that they may
broadly be measuring the same receptor populations.

Subpopulations of the Beta-Receptor Pool. PET measure
ments quantify the total pulmonary beta-receptor pool, which is
dominated by beta-receptors on the alveolar wall. In view of
their role in modulating bronchial tone, beta-receptors in
bronchial smooth muscle are obviously important, although
beta-receptors in the bronchial epithelium have also been
reported to be relevant (32). It appears unlikely, however, that
receptor subpopulations would change in opposite directions
after therapeutic interventions with beta-agonists, although the
baseline level (/) and the extent of the change in each
subpopulation may differ. We have recently studied a group of
seven normal subjects (33) in which PET measurements of
beta-receptor density and bronchodilator response to salbutamol
(a ÃŸ2-agonist) were performed before and after 2 wk of
salbutamol therapy. Following chronic ÃŸ2-agonist dosing, a
significant reduction in receptor density was observed. This was
associated with a mild tachyphyllaxis in bronchodilator re
sponse, suggesting that the total pulmonary beta-receptor pool
and receptors in airway smooth muscle behave similarly after
doses of j32-agonists.

Safety of the Method. In addition to the cancer patients
investigated in the present study, we also scanned 29 normal

subjects. No subjects have experienced problems associated
with the CGP-12177 injection. None of these subjects became
dyspneic. FEV, and FVC were recorded in earlier studies (n =

7), but there was no significant change in them. No changes in
blood pressure and electrocardiogram were observed either.
With a similar approach, Merlet et al. (34) studied cardiac
beta-receptors in ten patients with heart failure related to
idiopathic cardiomyopathy, as well as in eight normal subjects.
They observed no change in blood pressure but a 16% reduction
in heart rate. Two patients showed transient and minor dyspnea.
As in our study, however, they did not see any significant
changes in heart rate or blood pressure in normal controls. We
have also studied nine mild to moderate asthmatics, for whom
a CGP-12177 challenge test (3 /ig followed by 25 /ng cold
CGP-12177) was given intravenously several days before the
PET scan. A 20% reduction in FEV, or FVC was considered to
show hyper-reactivity to the ligand with exclusion of the subject
from the study. This challenge induced bronchospasm in only
one patient who did not go on to have the PET scan. His
symptoms were relieved after inhalation of salbutamol. We
believe this PET technique is well tolerated by normal subjects,
but suggest that a cold CGP-12177 challenge test be given to
asthmatic patients and any subjects with airway hyper-reactivity
prior to the PET scan.

CONCLUSION
This study demonstrates the efficacy of a new in vivo

approach to investigate pulmonary beta-adrenoceptors in hu
mans using PET and (S)-["C]CGP-12177. This new technique

was compared with a classic method (radioligand binding
assay) that is ordinarily used to measure receptor density. The
pulmonary beta-receptor density of patients who were to un
dergo thoracotomy, due to lung cancer, was first determined in
vivo using PET and, within 24 hr, in vitro using radioligand
binding assay. The in vivo results correlated well with those
obtained in vitro. By comparison, PET appears to be a reliable
means to quantify beta-adrenergic receptors in vivo in the
human lung. The technique involves two injections of ligand
(<30 jug CGP-12177) and has been shown to be well tolerated
in normal subjects. It is noninvasive and can be repeated after
therapeutic interventions, thereby making it possible to study
the physiological and pharmacological regulation of beta-
receptors in both healthy and diseased lungs.
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Overall Accuracy of Technetium-99m-MAG3
Clearance Measurements Obtained with a
Gamma Camera Heart Curve
Marianne Tondeur, Jacques Kinthaert, Amnon Piepsz and Hamphrey R. Ham
Department of Nuclear Medicine, Saint-Pierre Hospital, Free Universities of Brussels, Brussels, Belgium

The aim of the present study was to evaluate the accuracy of
""Tc-MAGS clearance measurements using a precordial gamma

camera curve calibrated by a single plasma sample. Methods:
Technetium-99m-MAG3 was administered to ten young normal
volunteers. A 60-min gamma camera acquisition was performed.
Five different segments of the gamma camera curve were deter
mined: 3 min to 20 min, 3 min to 30 min, 3 min to 40 min, 3 min to
50 min and 3 min to 60 min. A biexponential function was fitted on
each of these five different segments, which were thereafter cali
brated using eight different blood samples. These blood samples
were successively used for calibration at 5,10,15,20,30,40,50 and
60 min. The single injection, multiple plasma sample method was
used as reference. Results: Camera clearances varied markedly
based on the length of the precordial curve and on the time of the
calibration sample. Different regression equations were obtained for
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each duration of the camera curve, and for each blood sample
timing. Correlation coefficients were >0.95 in most cases recording
period of at least 50 min, however, was necessary to obtain a s.e.e.
better than those obtained using a single blood sample method
without gamma camera curve. Conclusion: The ""Tc-MAGS

clearance determination using a gamma camera heart curve cali
brated with a single blood sample does not necessarily improve the
accuracy of the one blood sample method.
Key Words: technetium-99m-MAG3; gamma camera; renal clear
ance
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rveference methods that allow calculation of the global renal
clearance include the continuous infusion method and the single
injection, multiple plasma sample method. In clinical practice,
simplified methods using one or fewer blood samples are more
often used (1-7). Reduction in the number of blood samples,
however, often accounts for a reduced accuracy; for example.
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