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Non-Steady-State Measurement of in vivo Receptor Binding with
Positron Emission Tomography: “Dose-Response” Analysis

Joel S. Perlmutter,*? Michael R. Kilbourn,2® Michael J. Weich,?2 and Marcus E. Raichle'2?

' Department of Neurology and Neurological Surgery, 2 Maliinckrodt Institute of Radiology, and  McDonnell Center for
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We previously developed a non-steady-state technique us-
ing positron emission tomography (PET) and the radioligand
'8F.gpiperone ('*F-SP) for the measurement of in vivo radioli-
gand-receptor binding in brain. The purpose of this inves-
tigation is to determine the sensitivity of this method to al-
terations in the apparent number of available specific binding
sites. Nine studies were performed on the same baboon.
The animal was pretreated with varying doses of unlabeled
SP (15~600 ng) to compete for specific binding sites. The
experimental procedure included measurement of regional
cerebral blood flow, cerebral blood volume, and the protein
binding of '*F-SP in arterial blood. At least 3.5 hr after pre-
treatment, no-carrier-added *F-SP (containing <3 ug SP)
was administered intravenously. Sequential PET scans and
measurements of arterial-blood radioactivity due to radioli-
gand and its labeled metabolites continued for 3 hr. A
3-compartment model representing the in vivo behavior of
radioligand was used to analyze the data. As expected, we
found that an index of binding called the combined forward
rate constant (which equals the product of the apparent max-
imum number of available specific binding sites and the
association rate constant of radioligand for receptor) de-
clined with increasing dose of unlabeled SP. Other estimated
variables including the dissociation rate constant did not
change. This demonstrates that our non-steady-state meth-
od for estimating radioligand-receptor binding kinetics can
detect a decrease in the apparent number of available spe-
cific binding sites. This is an important step in the validation
of this in vivo receptor binding assay and its subsequent
application.

Several methods for the measurement of radioligand-receptor
binding iz vivo using positron emission tomography (PET) have
been proposed (Mintun et al., 1984; Farde et al., 1986; Perl-
mutter et al., 1986; Wong et al., 1986a, b; Logan et al., 1987).
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Different approaches vary in the underlying assumptions, choice
of appropriate radioligand, details of implementation, and
methods of data analysis. Basically, the different methods can
be divided into those that assume equilibrium between the ad-
ministered radioligand and brain receptors (Farde et al., 1986),
those that assume steady state (Wong et al., 1986a, b), and non-
steady-state methods (Mintun et al., 1984; Perlmutter et al.,
1986).

In particular, we have developed a non-steady-state technique
based upon a 3-compartment model (Mintun et al., 1984) that
represents the in vivo behavior of an intravenously injected ra-
dioligand (Mintun et al., 1984). The model subsequently has
been modified to account for intravascular accumulation of ra-
diolabeled metabolites of the administered radioligand, ‘*F-spi-
perone ('*F-SP; Perlmutter et al., 1986). Preliminary observa-
tions using carrier-added '*F-SP showed a decrement in
radioligand-receptor binding in a baboon pretreated with a large
dose of unlabeled SP (Perlmutter et al., 1986). The same meth-
od, using no-carrier-added '*F-SP containing <2 ug of unlabeled
SP, has also been used to demonstrate an increase in radioli-
gand-receptor binding in a patient with untreated parkinsonism
due to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP;
Perlmutter et al., 1987). None of these studies, however, vali-
dates the non-steady-state technique.

Validation of an in vivo binding assay is a difficult problem.
Ideally, one should compare measurements of radioligand-re-
ceptor binding using the proposed method with results from a
“gold standard.” Unfortunately, such a standard does not exist
for receptor studies. Although there is a vast accumulation of
data using in vitro techniques, these methods depend heavily
upon actual assay conditions (Seeman et al., 1984), which clearly
differ from the in vivo milieu. The effect of these differences, in
part, could account for the differences between in vitro and in
vivo binding recently demonstrated for radiolabeled SP in striata
of rats after unilateral destruction of the nigrostriatal pathways
(Bennett and Wooten, 1986; Perlmutter and Raichle, 1986).

Despite these difficulties, some investigators have found fa-
vorable comparisons of estimates of the maximum number of
available specific binding sites, B,,,., using in vivo PET methods
with calculations of B,,,, from in vitro studies (Farde et al., 1986;
Wong et al., 1986b). To perform these comparisons, it is nec-
essary to make additional assumptions that must be reviewed
cautiously. Such assumptions can affect calculated values of B,
and produce apparent agreement with in vitro values of B,,,.
Therefore, these results, although encouraging, do not constitute
full validation.

Another approach to “validation” is to determine the re-



sponse of the in vivo PET assay to manipulations that cause
predictable changes in the availability of specific binding sites.
Competition studies can be used for this purpose. For example,
an animal can be pretreated with varying doses of unlabeled
ligand to compete for the available radioligand-receptor sites
prior to each PET experiment. Such a series of experiments
should determine if the PET method is sensitive to changes in
the apparent number of available receptors. The purpose of this
investigation is to apply this approach and determine the sen-
sitivity of the non-steady-state method to alterations in the ap-
parent number of available specific binding sites.

Materials and Methods

Positron emission tomography. All PET studies were performed with
the PETT VI system in the low-resolution mode (Ter-Pogossian et al.,
1982; Yamamoto et al., 1982). Data were recorded simultaneously for
7 “slices™ with a center-to-center separation of 14.4 mm. In-plane (i.e.,
transverse) reconstructed resolution was about 16—18 mm in the center
of the field of view and axial resolution was about 14 mm at the center.

Synthesis of *F-SP. No-carrier-added *F-SP was prepared by a 3-step
convergent synthesis that is similar to other published syntheses of
radiolabeled butyrophenones (Shiue et al., 1985, 1986). Fluorine-18
fluoride ion was produced by proton irradiation of an oxygen-18-en-
riched water target (Kilbourn et al., 1985). The aqueous '*F-fluoride
was converted to a solution of tetrabutylammonium '*F-fluoride in 100
ul dimethylsulfoxide by procedures previously reported (Kilbourn et
al., 1984; Brodack et al., 1986).

Two milligrams of 4-nitrophenylcyclopropyl ketone was added to
100-200 mCi of tetrabutylammonium '*F-fluoride and the solution was
heated (155°C) for 25 min. After brief cooling, 1 ml of 1:1 methanol:
HCl(c) was added and the solution refluxed for 5 min. The acidic so-
lution was diluted with 10 ml water and passed through a C,; Sep-Pak.
The aqueous eluant was discarded, and the product 4'-chloro-4-'*F-
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Figure 1. Baboon head holder for PET:
This is a lateral skull radiograph of the
baboon with the head secured in the
modified stereotactic head holder at-
tached to the special PET scanning chair,
A laser permanently attached to the wall
projects a line across the animal’s head
that coincides with the position of the
lowest of 7 parallel PET slices when the
scanning chair is completely advanced
into the scanner. A radiopague wire
embedded in leucite is aligned with the
line projected by the laser and a lateral
skull radiograph is made using a roent-
gen-ray tube, also permanently fixed to
the wall. The radiograph provides a rec-
ord of the baboon’s position within the
scanner that permits accurate reposi-
tioning for subsequent studies, as well
as provides the basis for anatomical lo-
calization. Since the magnification of
the skull radiograph has been mea-
sured, the exact position of all 7 PET
slices can be identified on this radio-
graph and used as described in Mate-
rials and Methods for localization.

fluorobutyrophenone eluted with 3 ml pentane. The pentane solution
was dried (Na,SO,), added to 5 mg l-phenyl-1,3,8-triazaspi-
ro[4,5]decan-4-one and 10 mg potassium iodide, and the pentane boiled
away. N-Methylpyrollidinone, 100 ul, was added to the residue and the
solution heated (155°C) for 20 min. The dark solution was diluted with
10 ml water and passed through a second C,; Sep-Pak. The Sep-Pak
was washed with 5 ml water, and the aqueous solutions were discarded.
The C,; Sep-Pak then was eluted with 3 ml dichloromethane, and the
organic solution dried (Na,SO,).

Purification and isolation of '*F-SP was achieved by HPLC (Whatman
Partisil M9 10/50 silica gel column eluted with 97:3:0.05 CH,Cl,:meth-
anol:NH,OH). The product was prepared for injection by evaporation
of the HPLC solvent and dissolving the residue in 1 x 10-% M acetic or
lactic acid in 0.9% saline.

Yields of '*F-SP were routinely 6-10% at end-of-synthesis (synthesis
time, 100 min). Radiochemical purity determined by TLC (silica gel,
95:5:0.05 CH,Cl,:methanol:NH,OH) and HPLC (Spectra-Physics
Spherisorb C,; column, 0.9 % 25 ¢m, 1:1 CH,CN:0.03 m KH,PO,) was
routinely 97-99+%. Specific activities determined by HPLC ranged
from 1000 to 5000 Ci/mmol at time of injection. Chemical purity by
HPLC showed, in the worst case, a total mass of less than 3 ug SP, and
<5 ug nitro-SP, which has at least 100-fold lower affinity for SP receptors
than SP itself (Pogun et al., 1982), accompanied the '*F-SP preparation.

Experimental procedure. Nine separate PET studies were done on a
single male baboon weighing 15 kg. For all studies, the animal was
fasted overnight but permitted free access to water up to 2 hr prior to
the experiment. For each experiment, the animal was initially anesthe-
tized with ketamine, 10-15 mg/kg, i.m.; given atropine, 0.2 mg i.m., to
decrease secretions; paralyzed with gallamine, 2—4 mg/kg i.v.; intubated
with a soft-cuffed endotracheal tube; and ventilated with 70% nitrous
oxide and 30% oxygen for chemical restraint throughout the length of
the study. A 20-gauge plastic catheter was inserted after local anesthesia
with lidocaine (1%) into the femoral artery to permit arterial blood
sampling, and a similar catheter was placed into an arm vein for the
administration of drugs and radiotracers. Blood pressure and pulse were
monitored throughout the study with an intra-arterial pressure trans-
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Figure 2. Fraction of total '8F associated with F-spiperone (SP): Fif-
teen to 26 arterial-blood samples collected after '8F-SP administration
were analyzed for the accumulation of radiolabeled metabolites. The
results for each time point are expressed as the fraction of the total
radioactivity in the sample due to '8F-labeled SP. The remaining ra-
dioactivity represents '*F-labeled metabolites. The technique for sep-
aration of '®F-SP and !'8F-labeled metabolites is described in Materials
and Methods. The results for a typical study are shown here. The circles
indicate the observed data, and the solid curve represents a mathematical
equation that best fits the data (see Materials and Methods). This equa-
tion was then used to calculate the '*F-SP content of all the arterial-
blood samples (up to 50 samples per experiment; see Fig. 5). It is
important to note that by 30 min after '*F-SP injection at least 50% of
1¥F radioactivity is bound to labeled metabolites.

ducer. Body temperature was monitored with a rectal probe (Tele-ther-
mometer; Yellow Springs, OH) and maintained between 35.5 and 37.5°C
with a heating blanket. Frequent arterial-blood gas measurements con-
firmed that pCO, and pO, were constant throughout each procedure.

Unlabeled SP (15-600 ug) dissolved in 3-5 m10.9% saline was injected
intravenously over 3-5 min within 30 min of induction of anesthesia
with careful monitoring of blood pressure and pulse.

The head of the baboon was positioned with the aid of a vertical line
projected from a laser permanently fixed on the wall. The line coincided
with the center of the lowest PET slice when the scanning table was
completely advanced into the scanner. The head was firmly clamped in
place using a modified stereotaxic head holder with mouth and ear bars.
A lateral skull radiograph with the position of the lowest slice marked
by a radiopaque wire provided a permanent record of the animal’s
position within the scanner. Both the modified stereotaxic head holder
and the lateral skull radiograph permitted precise repositioning of the
animal for repeated studies (Fig. 1). Attenuation characteristics of the
head were determined prior to each study by obtaining a transmission
scan with a ring source of germanium-68/gallium-68.

For each experiment, regional cerebral blood flow (CBF) was mea-
sured using a 40 sec PET scan after the i.v. injection of 20-35 mCi of
150-labeled water (Herscovitch et al., 1983; Raichle et al., 1983). Re-
gional cerebral blood volume (CBV) was determined following the forced
inhalation of 50-75 mCi of *O-labeled carbon monoxide and a 5 min
scan (Martin et al., 1987). Measurements of CBF and CBV were done
at least 2.5 hr after pretreatment with unlabeled SP that was at least 3
hr after induction of anesthesia.

At least 3.5 hr after induction of anesthesia, which was about 3 hr
after administration of unlabeled SP (if a pretreatment experiment),
3.4-6.5 mCi of no-carrier-added '*F-SP was injected intravenously over
30 sec. Sequential PET scans were started immediately with the i.v.
injection of radioligand and continued repeatedly for about 3 hr. Scan
durations were 2 min initially; longer scans (up to 10 min) were required
at the end of the study to maintain coincidence counts above 150,000/
slice. The midpoint of each scan was recorded as the time elapsed from
the start of radioligand injection.

Arterial-blood samples (0.3 ml) were collected every 3-5 sec for the
first 60-120 sec after administration of '*F-SP and then with decreasing
frequency to every 5-10 min during the remainder of the study. These
samples were counted in a well counter cross calibrated with PETT VI

(Mintun et al., 1984). The high-frequency sampling at the beginning
was necessary to record the blood radioactivity history adequate to
define the peak value accurately. Fifteen to 25 arterial-blood samples
were also analyzed to measure the percentage of total radioactivity
present as '8F-SP and as radiolabeled metabolites (Perlmutter et al.,
1986; Welch et al., 1988). Each sample was assayed in duplicate. The
mean values for each time point were fit empirically to an equation of
the form

F=explat — b1 ¢))

where ¢ is time (in sec) after radioligand injection; F, fraction of counts
due to *F-SP divided by counts due to total '*F radioactivity, and a
and b, arbitrary constants (Fig. 2). This equation and the measurements
of total *F radioactivity were used to calculate the counts due to '*F-
SP at any given time.

Determination of free fraction of '*F-SP in blood. The free fraction of
8F-SP in blood (f,) was determined with the following procedure. About
5 ml of arterial blood were withdrawn in a heparinized syringe. Plasma
was separated from a 2 ml aliquot of this blood by centrifugation (15,000
x g for 1-2 min) and reserved for a later step. '8F-SP was added to 1.5
ml of whole blood, mixed well, centrifuged to separate plasma, and a
cellular pellet, and then counted. Aliquots (200 ) of this plasma sample
were pipetted into duplicate Centrifree units (#1), and the Centrifree
units centrifuged (about 2000 rpm for 20 min, 4°C) in a fixed angle rotor
(Sorvall RC2B). The volume of liquid that passed through the filter was
accurately measured (in pl), and the collection vessel and filter unit were
separately counted.

Some '8F-SP can be trapped with the cellular pellet after separation
from whole blood. To determine this amount, this pellet was washed
with an equal volume of plasma (from the reserved plasma sample),
centrifuged to separate a new cellular pellet and supernatant, and then
these 2 samples were counted. Aliquots (200 pl) of this supernatant were
applied to duplicate Centrifree units (#2) and centrifuged as described
above.

It was also necessary to determine the amount of nonspecific binding
of free '8F-SP to the Centrifree filter. To accomplish this, '*F-SP was
added to saline and analyzed with the same Centrifree procedure.

Calculation of the free fraction of '8F-SP in arterial blood (f,) used
the following equation that considers the correction factors described
above:

S = (GV.E/CY,S) + (FLCVICV.S) 2

where V, is the volume of plasma applied to Centrifree #1; C,, *F
counts applied to Centrifree #1; V,, the volume of liquid through Cen-
trifree #1; C,, '*F counts through Centrifree #1; F,, the fraction of '8F
counts in plasma; S, the stick factor (i.e., percentage of '*F through
plasma in control Centrifree); F., the fraction of ¥F in cells; f,, the
fraction of '*F washed from cellular pellet; V., the volume of plasma
wash applied to Centrifree #2; C,, '*F counts applied to Centrifree #2;
V,, the volume of liquid through Centrifree #2; and C,, '*F counts
through Centrifree #2.

Studies were performed at least 6 weeks apart to permit sufficient
time for animal recovery. These studies were approved by the Com-
mittee for Humane Care of Laboratory Animals of Washington Uni-
versity School of Medicine.

Regions of interest (ROIs) including midline cerebellum and left and
right striata were identified on PET images as follows. The appropriate
PET slices containing striata and cerebellum were selected using the
lateral skull radiograph obtained at the time of each PET study as
described above. The position of the ROIs on appropriate PET slices
were identified using proportional measurements of corresponding sec-
tions from a stereotaxic atlas of the baboon (Davis and Huffman, 1968).
The edges of the baboon brain were defined using a standard threshold
routine with the transmission image made from the transmission scan
performed as described above (Fox et al., 1985). The outline of the brain
made in this fashion is shown in Figure 3. Once the position of the
ROIs had been established, an automated regional analysis routine ex-
tracted regional measurements from identical positions on all sequential
PET images collected after injection of '8F-SP, as well as from the blood
volume and blood flow images (Fig. 3).

Three-compartment model. A 3-compartment model describing the
in vivo behavior of *F-SP was used to analyze the data (Perlmutter et
al., 1986) and will be described briefly here. The basis of the model
assumes the following behavior of '8F-SP. After i.v. injection, '8F-SP is
distributed within the intravascular space as free tracer and tracer bound



16 r'1IN|_|TES {1 HOUR

The Journal of Neuroscience, July 1989, 9(7) 2347

-TED

w
=3
-
=
—
S

Ml

/ML 2

CPS

[

HOURS

Figure 3. PET images at the level of striatum: Sequential PET images were started immediately after i.v. injection of '*F-SP. Scan durations were
2 min initially; longer scans (up to 10 min) were required at the end of the study to maintain coincidence counts about 150,000/slice. Three scans
from a control study show the distribution of radioactivity at 10 minutes, 1 hour, and 3 hours after injection. Data for these images were collected
over 5 min. The scales associated with each image are in units of counts/sec/mCi of '*F-SP injected, decay-corrected to the time of radioligand
administration. The outlined templates represent the edges of the brain defined from the transmission scan obtained with a ring source of gallium-
68/germanium-68. This outline is crucial for determination of the locations of regions of interest using proportionate measurements as described
in Materials and Methods. Radioactivity preferentially accumulated in striata, as well as in areas anterior to the edge of the brain previously found
to correspond to the eyes (Mintun et al., 1984). Note that initially there is a relatively high amount of radioactivity in areas surrounding the striata,
whereas at later times, the surrounding regions have relatively low amounts of radioactivity. Therefore, measurements of striatal activity are
overestimated at early times and underestimated at later times because of partial volume averaging. Since the distribution of radioactivity continues
to change over the 3 hr of the experiment, correction for this factor would be very complex.

to nonspecific sites in plasma. Specific sites also might exist, such as
serotonergic sites on platelets but are ignored in this analysis. Unbound
ligand is free to cross the blood-brain barrier (BBB) and enter the ce-
rebral extravascular space. Within the extravascular space, ligand can
be free, nonspecifically bound or specifically bound to saturable sites
(i.e., receptors). This is the basis for the 3-compartment model shown
in Figure 4. More precisely, 5 compartments have been described. Since
association—dissociation kinetic rate constants for nonspecific binding
are assumed to be much larger than the compartmental rate constants,
the free and nonspecifically bound moieties on either side of the BBB
can be viewed as existing in single compartments. In this manner, the
5 compartments are collapsed to 3 (Mintun et al., 1984; Perlmutter et
al., 1986). Each compartment corresponds to a volume in which radio-
ligand can distribute (i.e., the intravascular or extravascular space) or,
alternatively, to a biochemical state in which it can exist (i.e., bound to
a receptor). In this 3-compartment model, compartment | represents
the intravascular space; compartment 2, the free and nonspecifically
bound tracer within the cerebral extravascular space; and compartment
3, the specific binding sites within the brain tissue. Together these 3
compartments comprise all of the radioactivity within the field of view
of the PET.

A number of important assumptions of the method should be em-
phasized (Mintun et al., 1984; Perlmutteretal., 1986). (1) Only unbound
'sF-SP in the plasma can cross BBB. (2) Transport of unbound '*F-SP
across the BBB is bidirectional and occurs by passive diffusion. (3) Only
free ligand within the extravascular space is available to bind to specific
receptors (i.e., nonspecifically bound ligand is not available for specific
binding). (4) Free and nonspecifically bound '*F-SP in vascular and
extravascular spaces are essentially in equilibrium at all times. Thus,

—

Figure 4. Three-compartment model: the 3-compartment model em-
ployed to analyze PET data of radioligand-receptor binding in vivo is
shown (figure reproduced with permission from Perlmutter, 1988).
Compartment I represents the free and nonspecifically bound tracer
within the intravascular space; compartment 2, the free and nonspe-
cifically bound tracer within the cerebral extravascular space; and com-
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partment 3, the specific binding sites within the extravascular space.
Together these compartments contain all radiotracer within the field of
view of the PET. Directions of passage of tracer into and out of the field
of view as well as its movements between compartments are indicated
by the arrows. Following conventional compartmental analysis nota-
tion, the turnover rate constants k, denote fractions of radiotracer in
compartments j that move per unit time into compartments i. Zero
subscript denotes the surroundings external to all compartments and to
the PET region of interest. Tracer enters the field of view of the PET
via flowing blood. V is the physical volume of compartments i, and g,
1s the quantity of radiotracer within that compartment. The variables
estimated with the non-steady-state method include the free fraction in
compartment 2 (f}), the local permeability-surface-area product (PS) for
'*F-SP, the dissociation rate constant of radioligand-receptor complex
(k_,) and the combined forward rate constant (k) that represents the
product of the association rate constant and the apparent maximum
number of available specific binding sites. In terms of standard com-
partmental notation, PS = k,, V,/f, (f] is the free fraction in compart-
ment 1); k ; = k.y; and &} = k,/f; (for a complete description of the
mathematical notation and derivation of the relevant equations, see
Perlmutter et al., 1986).
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Figure 5. Time-activity curve for '°F in arterial blood: after injection
of 8F-SP, more than 50 samples of arterial blood were collected for
measurements of total '*F radioactivity. Additionally, the fraction of
total radioactivity due to '*F-SP and not to '8F-labeled metabolites was
measured on at least 15-26 of these samples. This latter information
was used to calculate the amount of arterial-blood radioactivity that
represented unmetabolized '8F-SP in each of the 50 or more samples.

as free '8F-SP crosses the BBB or binds to specific sites, the relative
proportions of free and non-specifically bound *F-SP remain constant
throughout the length of the study. (5) Nonspecific binding is constant
throughout different regions of brain and, in particular, is the same in
striatum and cerebellum. (6) The physical distribution space of '*F-SP
is equivalent to the tissue water space. (7) The association of ligand and
receptor follows bimolecular association kinetics, and the dissociation
of radioligand-receptor complex follows unimolecular kinetics. (8) Ra-
dioligand (i.e., '*F-SP) does not occupy a significant fracticn of unoc-
cupied receptors during the course of the PET study. (9) Labeled me-
tabolites of the '8F-SP do not cross the BBB and are not produced within
the brain tissue (i.e., all radioactivity in the extravascular space is as-
sociated with '8F-SP). The validity and limitations of these assumptions
have been addressed previously (Mintun et al., 1984: Arnett et al., 1985;
Perlmutter et al., 1986; Logan et al., 1987).

The model is represented by a set of differential equations (Perlmutter
et al., 1986). Several of the variables are either measured directly with
PET (e.g., regional radioactivity after injection of '*F-SP), obtained in-
dependently (e.g., free fraction of '8F-SP in arterial blood and accu-
mulation of radiolabeled metabolites in arterial blood), or assumed. It
is assumed that the cerebellum contains no specific binding sites for
BF-SP (i.e., no third compartment containing receptors), leaving only
2 unknown variables to be estimated: the nonspecific binding fraction
in compartment 2 (/) and the local permeability-surface-area product
(PS). This value of f, then is assumed to be the same in striatum,
reducing the number of unknown parameters there to 4: (1) the local
PS, (2) the dissociation rate constant, (3) the association rate constant
k,, and (4) the maximum number of available specific binding sites,
B,.... Since the specific activity of '8F-SP is very high, the association
rate constant &, and B,,,, cannot be determined independently (Mintun
et al., 1984; Perlmutter et al., 1986) and are combined into a single
term known as the combined forward-rate constant, defined as the prod-
uct of k, and B, (Perlmutter et al., 1986).

Parameter estimation employing a modification of Marquardt’s al-
gorithm (Marquardt, 1963) was used to analyze the PET and arterial-
blood data, as previously described (Perlmutter et al., 1986).

Results

A typical time-activity curve for total '*F in arterial blood is
shown in Figure 5. There was no appreciable change in this
curve for the different experiments including pretreatment with
high doses of unlabeled spiperone. Similarly, there was no con-
sistent change in the rate of accumulation of radiolabeled me-
tabolites in arterial blood. A typical metabolite study is shown
in Figure 2.
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Figure 6. Left striatal tissue-activity curves—“dose-response” anal-
ysis: Tissue-activity. curves for left striatum are shown for 9 separate
PET studies performed with the same baboon. Unlabeled SP (0.001-
0.040 mg/kg) was injected intravenously 3 hr prior to '8F-SP in 5 of the
studies. Sequential PET scans began immediately after injection of ra-
dioligand and continued for 3 hr. Radioactivity measurements for the
left striatal region for each of the sequential scans were obtained as
described in Materials and Methods and then corrected for radioactive
decay and normalized to the mCi of '*F injected. The rate of decline in
striatal radioactivity appears to increase with higher amounts of unla-
beled SP. The general shape, but not the height, of the control curves
is very similar to the curve corresponding to the study with a pretreat-
ment dose of 0.001 mg/kg. The peaks of the curves do not reflect the
pretreatment dose of unlabeled SP or the subsequent calculation of the
apparent combined forward rate constant.

The mean (+SD) blood flow and blood volume for the cer-
ebellar region was 47 (10) ml/(100 gm-min) and 3.9 (0.54) ml/
100 gm, respectively. For the striatal regions, blood flow was
52 (11) ml/(100 gm-min) and blood volume was 3.3 (0.55) ml/
100 gm.

After the injection of '®F-SP, radioactivity gradually accu-
mulated preferentially in regions containing SP receptor sites
(Fig. 3). Radioactivity also accumulated in a region just anterior
to the striata on both sides of the brain. The relationship of
these anterior regions with the outline of the brain demonstrates
that these areas are outside of the brain, and they coincide with
the position of the eyes, likely reflecting uptake in the retina
(Mintun et al., 1984). Increasing the amount of unlabeled SP
given as pretreatment caused an apparent decline in striatal
accumulation of radioactivity 3 hr after '*F-SP administration
as judged solely on the appearance of the PET scans. This ap-
parent decline in tissue radioactivity judged at a single point in
time, however, was not entirely consistent. For example, striatal
accumulation was slightly higher after pretreatment with 0.025
mg/kg unlabeled SP compared with 0.010 mg/kg (Fig. 6). Such
inconsistencies underscore the need for a quantitative approach
to the analysis of such data (see below).

Similarly, the decay-corrected time-activity curves for the left
striatum demonstrate the change in the rate of accumulation of
striatal activity (Fig. 6). Again, review of the time-activity curves
reveals that all the studies preceded by unlabeled SP had lower



Table 1. “Dose-response” analysis

PS (sec™)

Dose Cere-
Study  (mg/kg) f, 5 bellum  Striatum
MI122 None 0.089 0.014 0.019 0.025 (0.001)
M124  0.005 0.079 0.022 0.028 0.032 (0.001)
M126  0.001 0.066 0.018 0.034 0.029 (0.001)
M127 0.025 0.087 0.026 0.024 0.024 (0.0001)
M129  0.040 0.073 0.018 0.021 0.028 (0.0004)
M132  0.010 0.080 0.024 0.022 0.027 (0.001)
M136 None 0.083 0.024 0.023 0.024 (0.001)
M139 None 0.075 0.019 0.027 0.029 (0.002)
M143 None 0.109 0.030 0.023 0.029 (0.002)
Mean 0.082 0.022 0.025 0.028
(SD) (0.012)  (0.005) (0.004)  (0.003)

Nine separate PET studies were performed with the same baboon. Different doses
of unlabeled spiperone (SP) (Dose) were injected intravenously prior to 5 of the
PET studies; 4 studies served as controls. The intravascular (f}) and extravascular
(f,) free fraction, as well as regional permeability surface-area product (PS) for
'8F-SP were obtained for each experiment. Values for striatum represent the mean
(SD) of left and right sides. All values are calculated for a 1.0 cc tissue volume.

curves than control studies. The position of each time-activity
curve does not seem to reflect the dose of unlabeled SP. For
example, the time-activity curve for the study with a pretreat-
ment dose of 0.001 mg/kg seems lower than most of the other
pretreatment studies. Closer inspection, however, suggests that
the rate of decline from the peak of the time-activity curve
increased as the dose of unlabeled SP increased. The true dif-
ferences in tracer behavior, however, only become apparent with
more quantitative treatment of the data using our 3-compart-
ment, non-steady-state method.

Measurements of the free fraction, f,, of ®F-SP in arterial
blood did not change consistently throughout the series (Table
1). Similarly, the calculations of the free fraction, f;, in the brain
tissue (i.e., the reciprocal of the nonspecific binding fraction)
and the local PS for '*F-SP did not change consistently (Table
1).

The apparent combined forward rate constant (i.e., product
of the association rate constant k, and apparent B,,,,) declined
with increasing dose of unlabeled SP (Fig. 7). The dissociation
rate constant k_,, however, did not change consistently (Table
2). It should be noted that the estimate of the dissociation rate
constant is not made as confidently as the estimate of the com-
bined forward rate constant. This can be described best by in-
dicating the coefficient of variation for individual estimates for
each variable for each experiment (Table 2). This represents the
SD of the individual estimate divided by the mean estimate for
that variable. The mean coefficients of variation for the apparent
combined forward rate constant and the dissociation rate con-
stant are listed in Table 2. Note that this is different from the
SD of the values for a given variable across experiments (the
SD deviation for estimated combined forward rate constants is
shown by the error bars in Fig. 7). The latter indicates the
variability in arriving at the same value for a given variable,
rather than the confidence in estimating that variable in a given
experiment.

Discussion

We have demonstrated that our non-steady-state method for
estimating radioligand-receptor binding can detect a decrease
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“DOSE -RESPONSE"” ANALYSIS
BABOON STRIATUM
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Figure 7. *“Dose-response” analysis: Nine separate PET studies were
performed with the same baboon. Unlabeled SP (0.001-0.040 mg/kg)
was injected intravenously 3 hr prior to '8F-SP in 5 of the studies; 4
studies served as controls. The apparent combined forward rate constant
(equal to the product of the apparent maximum number of specific
binding sites and the association rate constant of radioligand for recep-
tor) was calculated for left and right striata. The mean values of left-
and right-sided values (+ 1 SD, as indicated by the error bars) are shown.
There was a consistent decline in the apparent combined forward rate
constant as the “dose” of unlabeled SP increased.

in the apparent number of available specific binding sites. This
has 2 important implications. First, it is an important compo-
nent of the validation of this method. Manipulation of the ap-
parent number of available specific binding sites by pretreat-
ment with unlabeled SP produced a predictable decrease in the
calculated apparent combined forward rate constant (the num-
ber of apparent available specific binding sites times the asso-
ciation rate constant). This type of operational validation is
necessary since there is no “gold standard” method for com-
parison with this type of in vivo binding PET assay. A second
implication of these results is that the assay is sensitive to al-
terations in receptors that are likely to be clinically relevant.

Table 2. “Dose-response” analysis

Dose k', CF k_, CF
Study (mg/kg) (sec™) (%) (sec™!) (%)
M122 None 0.0304 9.7) 0.000196 (17.8)
MIl124 0.005 0.0236 4.9) 0.000188 8.4)
M126 0.001 0.0286 9.4) 0.000208 (16.0)
M127 0.025 0.0089 (8.2) 0.000109 (22.8)
M129  0.040 0.0065  (6.3) 0.000212 (7.2)
M132 0.010 0.0156 6.9) 0.000398 (8.5)
M136 None 0.0248 (5.3) 0.000171 9.1)
M139 None 0.0374 8.4) 0.000346 (10.6)
M43 None 0.0320 (5.8) 0.000212 (8.4)
Mean 7.2 12.1
(SD) 2.1) (5.6)

Nine separate PET studies were performed with the same baboon. Different doses
of unlabeled spiperone (SP) (Dose) were administered prior to the PET studies.
The combined forward rate constants (k',) and dissociation rate constants (k_,)
listed are the mean values for left and right striata for each experiment. Coefficients
of variation (CF) for the estimated variables from each experiment are listed to
the right of each mean value. All experiments were performed on the same baboon.
Values were calculated for a 1.0 cc tissue volume.
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Mattke (1968) demonstrated that intramuscular injection of
about 0.1 mg SP was the smallest dose found to produce the
most subtle changes in a handwriting task. This is comparable
(aithough not directly analogous because of such differences as
i.m. versus i.v. administration, time after administration, etc.)
to about the 0.005 mg/kg dose in this study that caused an
appreciable decline in the calculated apparent combined for-
ward rate consiant.

There are, however, several methodological issues that should
be addressed regarding these results. One could question wheth-
er the design of the study actually violated one of the basic
assumptions of the method. In particular, does the radioligand
occupy a large fraction of the available specific binding sites
during the course of the experiment? This question might arise
since we pretreated the animal with varying doses of unlabeled
SP to occupy, or compete for, a large number of specific binding
sites. Superficially, this might seem to violate the above as-
sumption. In fact, the assumption does not concern the number
of sites occupied by unlabeled SP, but rather, the fraction of
remaining available specific binding sites occupied by '*F-SP.
Given the very high specific activity of '3F-SP, the percentage
of available specific binding sites occupied by '*F-SP was prob-
ably very low (Perlmutter and Raichle, 1987). This issue of
occupation of a significant number of available specific binding
sites limits the dose of unlabeled SP that can be used for pre-
treatment. Much higher doses than used in this series of exper-
iments would limit the apparent number of available specific
binding sites and violate one of the assumptions of the model.
The exact number of occupied specific binding sites, however,
cannot be calculated. (For an estimate of the fraction of occupied
sites, see Perlmutter and Raichle, 1987.)

It also should be noted that pretreatment with unlabeled SP
3 hr prior to injection of '8F-SP is not sufficient time for equi-
librium to occur between receptor sites and unlabeled SP. It has
been demonstrated previously that labeled SP continues to ac-
cumulate preferentially in striatum for several more hours (Ar-
nett et al., 1985). Therefore, the number of sites occupied by
unlabeled SP likely changed throughout the 3 hr of data collec-
tion after the injection of 8F-SP, and the apparent number of
available specific binding sites for '*F-SP was not constant dur-
ing each experiment. This does not negate our conclusions from
this study since the purpose was to determine the sensitivity of
the non-steady-state method for detecting a decrease in the ap-
parent number of available specific binding sites and not to
determine the actual number of sites. Thus, we use the term
“apparent number of available specific binding sites™ in this
context.

This also directly limits further interpretation of our results.
It would be incorrect to attempt to calculate B,,, from our data
for several reasons. First of all, the actual number of sites oc-
cupied during each experiment was not truly constant, as de-
scribed in the previous paragraph. Application of an equilib-
rium-based saturation analysis, similar to a Scatchard analysis,
also would be inaccurate, as the data were not collected under
equilibrium conditions. Additionally, measurement of regional
radioactivity obtained with PET can under- or overestimate the
true radioactivity content of striatum due to partial volume
averaging (Mazziotta et al., 1981). Correction for this factor is
a complicated issue that depends not only upon the exact ge-
ometry of the region of interest, but also on the distribution of
tissue radioactivity in surrounding areas. This becomes even
more complex as the distribution of radioactivity changes during

the 3 hr of the experiment, as shown in Figure 3. For all these
reasons, we choose not to calculate a particular value of B,,,
from these data.

Another technical point that should be considered in this
investigation is the timing of pretreatment with unlabeled SP.
As noted above, pretreatment 3 hr prior to injection of !F-SP,
in part, was to allow sufficient time for unlabeled SP to reach
available specific binding sites. It is also clear, however, that
equilibrium does not occur between unlabeled SP and these
binding sites within 3 hr. Additionally, we have found in pre-
liminary studies that i.v. administration of 0.20 mg/kg unla-
beled SP causes a transient increase in regional blood flow of
approximately 30% in striatum lasting for 30-45 min and grad-
ually returning to baseline after 90 min. Interestingly, cerebellar
blood flow was not noted to change (unpublished observations).
This makes it important to wait at least 90 min after admin-
istration of unlabeled SP before the measurement of regional
blood flow with '*O-labeled water since our in vivo PET receptor
assay assumes that regional blood flow remains constant from
the time of its measurement to the completion of the 3 hr !8F-
SP study. As a margin of safety, we waited 2.5 hr after unlabeled
SP for the blood flow measurement and 3 hr for the injection
of '*F-SP. If we had co-injected labeled and unlabeled SP, re-
gional delivery of '*F-SP could have been altered during the
course of the 3 hr study.

Several assumptions of the non-steady-state method are sup-
ported by our results. We assume that specific binding of '8F-SP
in arterial blood is negligible. Our finding that the free fraction
of ¥F-SP did not consistently increase as the dose of unlabeled
SP increased supports this contention. If there were an appre-
ciable number of specific binding sites, unlabeled SP would have
competed with "*F-SP for these specific binding sites, producing
an increase in the free fraction of 'sF-SP. Similarly, the free
fraction of "F-SP in the extravascular space did not change
consistently in this series of experiments. This supports, but
does not prove, the assumption of negligible specific binding in
cerebellum. This also demonstrates the reproducibility of this
measurement over 2 years in the same subject. The variability
in the measurements likely reflects not only variability in the
assay, but also could indicate physiological change in the animal.
Striatal PS for '8F-SP also did not change, suggesting that trans-
port across the BBB of '8F-SP is not saturable, at least at the
doses of unlabeled SP used in this study.

There are several advantages of the non-steady-state method.
First, it permits quantification of in vivo receptor binding that
is not clear from the appearance of the PET images. The images
through the striatum reveal a modest inconsistency in the de-
cline in striatal accumulation of radioactivity with increasing
doses of unlabeled SP (Fig. 6). Apparently, the images, alone,
do not indicate the particular nature of the change in radioli-
gand-receptor interaction. Similarly, the time-activity curves
for the left striatum show a general trend toward a faster rate
of decline from the peak value as the dose of unlabeled SP
increases (Fig. 6). These curves by themselves, however, do not
demonstrate a consistent or quantitative change. Our non-steady-
state method, however, demonstrates a consistent and precise
change in the estimate of the apparent combined forward rate
constant that reflects the alterations in the apparent available
number of specific binding sites.

Furthermore, there is a consistent change in the apparent
combined forward rate constant (i.e., the product of k, and B,,,,)
but not in the dissociation rate constant. The former includes



the apparent number of available specific binding sites, B,,,,
and one would expect a change in this product, as we have
found. The dissociation rate constant, however, does not include
B..... Although the dissociation rate constant could conceivably
change as a function of mass of ligand administered (Perry et
al., 1980), we could not demonstrate a consistent change in our
experiments with our method of analysis. This may be due, in
part, to the variability in the estimation of the dissociation rate
constant which is best described by its higher coefficient of vari-
ation compared with the apparent combined forward rate con-
stant (Table 2). This results from the relatively high association
rate constant of 18F-SP for receptor compared with the relatively
low dissociation rate constant. Therefore, more association events
than dissociation events occur during the length of the experi-
ment. Although the dissociation rate constant is relatively low,
Logan et al. (1987) demonstrated that it cannot be assumed to
be negligible. This rate constant could be measured more con-
fidently if each scanning session continued longer than 3 hr.

Nevertheless, within these constraints, our non-steady-state
method does permit the evaluation of both the dissociation and
combined forward rate constants. Classic methods for the mea-
surement of in vitro receptor binding yield estimates of the equi-
librium binding constant, K,, which should be equivalent to the
ratio of the dissociation and association rate constants. Similar
changes in these 2 rate constants, which may be of pathophysi-
ologic importance, would not be detected by techniques limited
to estimation of K, alone. In this regard, we have used our
method to measure '*F-SP binding in one of the few untreated,
symptomatic patients with parkinsonism induced by MPTP
(Perlmutter et al., 1987). The combined forward rate constant
and the dissociation rate constants were elevated in the patient
compared with 10 normals, whereas nonspecific binding in blood
and brain were normal. If the increases in the association and
dissociation rate constants were similar, then we would predict
no change in K if tissue from this patient had been available
for classic in vitro receptor binding analysis. These results also
demonstrate that our PET assay is sensitive to an elevation of
the combined forward rate constant.

The latter case highlights another advantage of our technique
or any dynamic method willing to forego estimation of B,
itself (Perlmutter et al., 1986; Wong et al., 1986a). This method,
as opposed to some others, does not require administration of
a large dose of unlabeled dopaminergic antagonist (Farde et al.,
1986; Wong et al., 1986b). Patients with parkinsonism could
suffer temporary exacerbations of clinical symptoms from un-
labeled antagonists because of the relatively increased deficiency
of dopamine (Perlmutter, 1988). On the other hand, patients
suffering from diseases thought to have relatively excessive do-
paminergic function, such as schizophrenics, would less likely
be so affected. Nevertheless, B,,, cannot be independently es-
timated without administration of an unlabeled antagonist in
amounts likely to produce appreciable side effects. Only the
product of B, and the association rate constant can be esti-
mated. Although this may appear to be an important compro-
mise in our ability to study receptor pharmacology with PET,
it has not proven to be so in practice, as exemplified by the
patient with MPTP-induced parkinsonism (Perlmutter et al.,
1987).

It is equally important to understand the limitations of the
non-steady-state method using '*F-SP as the radioligand. Some
of these limitations are due to the choice of radioligand. SP and
its labeled derivatives specifically bind predominantly to D,
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dopaminergic and S, serotonergic sites (List and Seeman, 1981;
Palacios et al., 1981; Altar et al., 1985). These different receptor
sites are, to a degree, anatomically separate. D, predominate in
striatum and S, sites predominate in frontal cortex (List and
Seeman, 1981; Palacios et al., 1981; Altar et al., 1985; Farde et
al., 1985; Lyon et al., 1986), although the relative distribution
of receptor types potentially could change under pathologic con-
ditions. Thus, a radioligand with greater specificity would limit
this potential source of ambiguity. For example, ''C-raclopride
has greater specificity for D, dopaminergic sites with much lower
affinity for serotonergic receptors (Fardeetal., 1985). In addition
to the specificity limitation of SP, its radiochemical synthesis is
complicated (Kilbourn et al., 1984; Welch et al., 1988), making
it difficult to use routinely. From a practical point of view, a
major disadvantage of using the non-steady-state method with
18F.SP is the length of time required for the study, at least 2-3
hr after radioligand injection (Mintun et al., 1984; Perlmutter
et al., 1986; Logan et al., 1987). A ligand with faster kinetics
(i.e., rapid association and reversibility), such as raclopride,
would permit a much shorter study (Farde et al., 1985, 1986).
Perhaps, the ideal method would employ the non-steady-state
method of data analysis and a more suitable radioligand such
as radiolabeled raclopride.

In conclusion, we have presented evidence that the non-steady-
state method using PET and '*F-SP is sensitive to a decrease in
the apparent number of available specific binding sites. This
type of operational validation of in vivo receptor binding meth-
ods is important since no “‘gold standard” exists for direct com-
parisons.
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