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A Quantitative Model for the In Vivo
Assessment of Drug Binding Sites with
Positron Emission Tomography

Mark A. Mintun, MD,*} Marcus E. Raichle, MD,*i Michael R. Kilbourn, PhD,*
G. Frederick Wooten, MD,}§ and Michael J. Welch, PhD*

We propose an in vivo method for use with positron emission tomography (PET) that results in a quantitative charac-
terization of neuroleptic binding sites using radiolabeled spiperone. The data are analyzed using a mathematical model
that describes transport, nonspecific binding, and specific binding in the brain. The model demonstrates that the
receptor quantities B, (i.e., the number of binding sites) and Kp ! (i.e., the binding affinity) are not separably
ascertainable with tracer methodology in human subjects. We have, therefore, introduced a new term, the binding
potential, equivalent to the product B,.Kp !, which reflects the capacity of a given tissue, or region of a tissue, for
ligand-binding site interaction. The procedure for obtaining these measurements is illustrated with data from sequen-
tial PET scans of baboons after intravenous injection of carrier-added {'®Flspiperone. From these data we estimate the
brain tissue nonspecific binding of spiperone to be in the range of 94.2 to 95.3%, and the regional brain spiperone
permeability (measured as the permeability—surface area product) to be in the range of 0.025 to 0.036 cm>/(s - ml). The
binding potential of the striatum ranged from 17.4 to 21.6; these in vivo estimates compare favorably to in vitro values
in the literature. To our knowledge this represents the first direct evidence that PET can be used to characterize
quantitatively, locally and in vivo, drug binding sites in brain. The ability to make such measurements with PET should

permit the detailed investigation of diseases thought to result from disorders of receptor function.
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Various radioligands have been used widely in post-
mortem and in vitro experiments to characterize drug
binding sites or receptors in the central nervous system
of experimental animals and humans in relation to a
variety of diseases [1, 4, 5, 8, 18—-20]. These methods
are inadequate for correlating the natural history of
diseases with in vivo changes in drug binding sites,
however. It has often been claimed that positron emis-
sion tomography (PET) will provide the means to per-
form in vivo quantitative receptor analysis {231, but no
quantitative in vivo radiotracer method has emerged
that serves this function.

The challenge to PET is not only to provide, as it can
{233, in vivo evidence of the local accumulation of a
specific radioligand, but also to yield quantitative esti-
mates of specific features of the binding sites, such as
their number and affinity. However, the exact in vivo
distribution of such a radioligand at a single time point
is likely to be influenced by a variety of factors besides
the number of receptors and their affinity. These in-

clude binding to nonspecific sites, blood-brain barrier
permeability, and blood flow. The approach of the
pharmacologist attempting to minimize these influ-
ences traditionally has been to isolate the tissue of in-
terest in vitro and to manipulate the binding of the
radioligand by occupying the binding sites or receptors
with varying concentrations of the ligand (unlabeled),
other unlabeled drugs, or putative transmitters. In this
way the pharmacologist extracts quantitative estimates
of the number of binding sites and their affinity. Such
manipulations usually involve very high concentrations
of drugs at the receptor site and therefore would not be
appropriate for in vivo studies in human subjects be-
cause of the unwanted pharmacological side effects. If
PET is to achieve quantitative measurements of the
number of drug binding sites and their affinity, some
approach not involving the classic displacement studies
of the pharmacologist must be developed. The most
obvious alternate approach is to utilize the potential of
PET to make repeated measurements of local radioac-
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tivity in the same tissue, thus characterizing the dy-
namic interplay between binding site and ligand, and to
combine these measurements in the same subject at
the same sitting with the measurement of other impor-
tant features of the tdssue, such as local blood flow,
blood-brain barrier permeability, and blood volume.
Effectively utilizing this potential of PET requires the
formulation of a detailed mathematical model that pro-
vides the investigator with the proper framework
within which to develop a measurement strategy in
humans using PET. Toward this goal we propose an in
vivo method that results in quantitative characteriza-
tion of regional drug binding sites in vivo. The method
uses radiolabeled spiperone (a potent butyrophenone),
a quantitative mathematical model to describe the
drug’s behavior in the brain, and sequential PET scans
for in vivo data acquisition. To illustrate our quantita-
tive receptor model we have used baboons injected
with fluorine 18—labeled spiperone (['®Flspiperone)
and multiple PET scans to collect profiles of brain tis-
sue activity.

Methods
Model

Schemata and symbols of cur model are shown in Figure 1
and Table 1, respectively.

The model chosen assumes three possible environments
for spiperone, and thus requires three mathematical compart-
ments. The first two are physical compartments representing
blood and brain tissue. The third compartment represents a
chemical environment, i.e., being bound to a specific binding
site. In this compartment spiperone is physically in the tissue
but not free to diffuse until it leaves this environment by
dissociating from the binding site.

For a given model volume spiperone may enter via arterial
blood flow into the blood compartment. It is assumed that all
compartments are homogeneous in concentration; thus, the
spiperone departs from the blood compartment through ve-
nous drainage at a concentration equal to that of the blood
compartment. Spiperone may cross the blood-brain barrier
into the tissue compartment by passive linear diffusion. Only
in the tissue compartment is it free to react with drug bind-
ing sites according to classic kinetics: bimolecular associa-
tion and unimolecular dissociation. Additionally, there are
nonspecific, nonsaturable spiperone binding sites in both
blood and tissue compartments. The quantity of drug free to
diffuse or react with binding sites is represented by the total
drug concentration multiplied by a constant, the free fraction
.

The differential equation set that describes the drug’s be-
havior in brain is developed by first writing the conservation
equation for each compartment. For the 7th compartment:

. d¢;
Vi dt

= @,;in — P,out

where ®;in and ®;out are the fluxes in and out of this com-
partment.
The fluxes are then defined. Note that convective terms
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Fig 1. Three-compartment model used in analysis of brain tissue
data obtained after intravenous injection of {'SF)spiperone. Com-
partments 1, 2, and 3 represent the possible environments for the
radioligand. Interactions between compartments are governed by
variables for convection (F), diffusion (PS), and binding kinetics
k1, k).

include the F parameter, diffusion terms include PS, and
specific binding terms include £, or £_,. The arterial blood
concentration is represented by C4. Additionally, the num-
ber of free specific binding sites is expressed as the tortal
binding site concentration minus the concentration bound.

<I>1ir1 =F‘CA+PS‘f2'C2

CI>10ut=F'C1 +PS'_f1'C1

<I)2in = PS'fl’C1+k~1'C3‘V2

Cl)zout= Ps'fz'cg+kl'C2'_f2'(Bmax_C3).\/2
Buin = k1 Cyfo Bmax — C3)" V2
®sout = £ Cs0V,

Substituting the expressions for flux into the conservation
equations for compartments 1, 2, and 3, we can then write
the complete differential equation set.

_d(%L = —g-l—(CA - Cl) + -‘P;il(fZCZ —flcl)
ddctz B % 1C1 — f2C) + k2 Cy — b o C
* (Bmax— C3)
%i:/el-ffcz-usm—Ca>-/e...1-Cs
Eqg. set 1

However, if one considers the ideal of tracer methodology,
where the specific activity of the radioligand is sufficiently
high that the molar quaantities of ligands injected are vanish-
ingly small, then the model equations need to be simplified.
In this case the absolute value of C5 would always be much
less than B, and thus (B~ C3) would reduce to (Bpa).
Substituting this term into Eq. set 1, we find that the B, and
k| terms are no longer independent variables and can be
replaced by a unimolecular rate constant £{ where &£{ = B,
&,. This second substitution creates Eq. set 2, which is for use
with low molar quantities of injected ligand.

dC F
dtl = V_I(CA - Cp+ ‘P;f (2C2 = /i€y




Table 1. Variables Used in the Drug Binding Model®

Symbol Description Units

V; Volume of compartment 7 ml

C; Drug concentration in compartment 7 pCi - ml™!
fi Drug fraction free from nonspecific binding None

F Regional blood flow ml - sec™!
PS Drug permeability of blood-brain barrier X capillary surface area cm? - sec”!
k_, Reverse rate constant sec!

&y Forward rate constant ml-sec™! puCi~!
Binax Maximum drug specific binding concentration pCi-ml~!
4 Combined forward rate constant (&1 * Bay) sec”!

BP Binding potential of specific binding None

2Operationally, a total tissue volume of 1.0 ml is assumed when estimating parameter values.

é%"-%?— 1C1 = fiC) + k1" C3 — k1 2+ Cy
2

'é{'fZ'CZ_'é—l'CS

.
Il

Egq. set 2

For both equation sets the average concentration of drug
(Ceop) in the total volume of tissue (V) is defined as

[C Vi + V(G + Ci)b
V(Ot

A value of 1.0 ml is assigned to V. as the unit model
volume.

C[D\' =

Analysis of Data

The model Eq. set 1 involves a total of nine parameters: V|,
Vo, f1, /2, F, PS, £_1, k1, and B, Eq. set 2 uses only eight
parameters, as the last two are replaced with £{. In either set,
four parameters are given values prior to data analysis. The
tissue space that is available to the radioligand, V>, is assumed
equal to the tissue water space and has a value of 0.76 ml *
g~ [13} or 0.79 ml for 1 ml of tissue (assuming a tissue
density of 1.05 g - ml™1). The parameter fi, representing the
fraction not bound to nonspecific sites in blood, can be
measured with in vitro techniques and considered constant.
The value used was 0.10 (i.e., 90% bound), an estimate sup-
plied by Janssen Pharmaceutica (personal communication,
1981). The parameters for blood flow, F, and blood volume,
V1, arte uniquely determined regionally by existing PET
methods {9, 11, 251.

Because it is very difficult to estimate the values of all the
remaining parameters simultaneously, we have chosen a
method that accomplishes this in two distinct steps. Both
steps use the techniques of numerical integration, curve-
fitting, and parameter estimation, as we will describe.

The first step in data analysis obtains the PS and f, parame-
ters from cerebellum tissue data. The cerebellum is devoid of
specific spiperone binding sites {17, 19]. Thus, for the cere-
bellum the model can be reduced in complexity by removing
the specific binding site compartment. Once determined, the
/> value is assumed to be regionally constant and can be used
in other areas of the brain, including areas rich in specific
binding sites.

The equation set used to model the cerebellum with no
specific binding sites is:

ddctl' = VF;—(CA - Cy+ —{;{—(ﬁcz = hCy)
é@. = ﬁ (flCI - fZCZ)
a v, Eg. Set 3

The second step in data analysis obtains the local PS and
receptor terms from the tissue data in the area of interest.
The actual terms estimated depend on the equation set cho-
sen. If large molar doses of ligand are injected and partial
saturation of specific sites is expected, Eq. set 1 could be
selected, yielding estimates of PS, £_1, k1, and B,,,,. For small
doses, when partial saturation will be absent, Eq. set 2 is
appropriate, yielding PS, 1, and &_. If Eq. set 1 is used when
small doses of ligand are administered, the result will be an
obvious nonunique set of solutions for £, and Bi,,,. Procedur-
ally, all data are processed by Eq. set 1, and when nonunique
solution sets are encountered, the data are then processed
with Eq. set 2.

Results of data analysis with Eq. set 1 are expressed as B,
and Kp, where Kp = £_ /. Results of data analysis with Eq.
set 2 are expressed with a term we have named the binding
potential (BP), where BP = kifk_; = B, " ki/k_1 = Bpa
K5 . Because of its derivation this term reflects the capacity
of the tissue for ligand—binding site interaction. Of interest is
that a mathematically similar term, the binding index, equal
to the product of site concentration and affinity, is used to
describe low-affinity, nonspecific binding in in vitro settings

{6l

Integration of Model Equations

To be useful in parameter estimation schemes, the opera-
tional equations must be integrated and rewritten to give
concentrations as a function of time. Unfortunately, Eq. set 1
is nonlinear because of the bimolecular association terms and
thus cannot be integrated analytically. The best alternate ap-
proach available is numerical integration, a computation-
intensive procedure. The Runge-Kutta method {3] was se-
lected for all three equation sets because of its simplicity
(single-step formula, no partial derivatives) and high accuracy
relative to biological data. All programming was done in For-
tran and executed on a Perkin Elmer 32/42 minicomputer.
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Curve-fit Analysis

Curves of tissue activity versus time generated by numerical
integration were evaluated for “closeness of fit” to biological
data. The result was a single relative value found by summing
the squares of the difference between predicted and ob-
served tissue activity. All. tissue points were given equal
weight. Relative error = 2, (Cops — Ceac) for a given param-
eter set. The lower the relative error, the better the “it” to
observed data.

Pavameter Estimation

For any given parameter set and tissue activity data, the nu-
merical integration and curve-fit analysis routines would
result in a relative error.

Rosenbroch’s rotating coordinate optimization technique
{32} was used to find the parameter set that minimized the
relative error. This method combines a direct-search al-
gorithm using variable step sizes with a periodic rotation of
search coordinates to point along the direction of the latest
ridge. Although in the past we have used simpler techniques,
such as the gradient method [2], we found that given the
nature of the equations and the length of time necessary to do
each numerical integration, the rotating coordinate method
was very useful in minimizing the number of trials and con-
siderably reducing computation time. Currently, optimum
parameter solution is found after 20 to 120 minutes of com-
puter time.

Simulations

The estimates of PS, f3, £_,, and BP are clearly dependent on
a number of factors. To understand more easily the nature of
this dependence, we used model equation sets 2 and 3 in
simulations designed to isolate and examine the error in-
troduced by small etrors in F, Vi, /1, PS, and /.

For all simulations the actual blood activity curve obtained
from one of the animal studies was used (baboon 1; see this
page), as well as the same PET scan times. The simulations all
use Eq. sets 2 and 3, because these sets proved most applica-
ble to the animal data collected.

To measure the effect of errors in the parameters F, V,
V., and £ on the calculation of PS and #; (for cerebellum) or
PS, k_, ki, and BP (for striatum), a tissue activity curve was
first generated using the model equations and assuming a set
of values for all parameters (the values assumed being compa-
rable to those used or determined in this experimental work).
A + 5% error was then introduced into one of the parame-
ters F, V1, V), or f1 and, using this new value, the PS and f; or
£_1, ki, and BP were reestimated. The parameters were com-
pared and the results expressed as percentage of error in-
curred.

The estimation of £_, 4}, and BP depend not only on
external parameters, as noted, but on an internally calculated
parameter, f,. To calculate this dependence, the described
technique was repeated, except that the + 5% etror was in-
troduced into the f; parameter. The values of £_;, }, and BP
were calculated and compated, with results expressed as per-
centage of etror incurred.

Positron Emission Tomography
The PETT VI system, a positron emission scanner developed
at Washington University {28, 33}, was employed for all
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studies. Studies were done in the low-resolution mode, giv-
ing an in-plane (transverse) resolution of 11.7 mm full width
at half maximum (FWHM). Data were recorded simulta-
neously from seven slices, each with a 15.9 mm FWHM
thickness and a center-to-center slice separation of 14.4 mm.

The PETT VI system does not correct for radioactive de-
cay during data collection, and it is necessary to correct all
reconstructed scan data from patients or phantoms for the
radioactive isotope decay during the study. We employ a
method that assumes the underlying activity is reasonably
constant and decay correction can be achieved with an “aver-
age” decay correction. This is computed as:

average decay = E -—e—)-(-p—(—,.l—,Lt)d—t—

1 — exp (—aT)
T w

where a is the decay constant and T is the length of the scan.
Inversion of this average decay yields the decay correction
factor. Simulations (P. Herscovitch and M. E. Raichle, un-
published observations, 1981) of various functions equivalent
to time-varying head activity curves likely to be encountered
during our studies demonstrate that this method of decay
correction is quite adequate (maximum error less than 4%).

Calibration of the PETT VI system to permit expression of
findings of regional tissue activity is achieved by imaging a
phantom containing various concentrations of carbon 11-
labeled bicatbonate. Aliquots from each of the six wedge-
shaped chambers are counted in the same well counter used
to count the blood samples. The observed counting rate is
decay corrected to the time the calibration scan begins and is
then multiplied by the length of the scan. Results are ex-
pressed in counts * ml ™}, By means of a regression equation,
the reconstructed regional data (PET counts - pixel ™ ') of the
phantom are compared with the directly measured activity
(counts * ml™"). This relationship is used to calculate actual
integrated local isotope tissue activity levels. This value is
divided by the scan length to give average tissue activity level
and assigned a time value equal to the midpoint of the scan.

Our method used to measure local cerebral blood flow
(CBF) and blood volume (CBV) with oxygen 15-labeled
water and PET, adapted from Kety {14, 151, is described
elsewhere {11, 25}, as is our method for measurement of
cerebral blood volume using oxygen 15-labeled carbon
monoxide {9].

In baboon studies using [**Flspiperone, two adult baboons
(P. papio) weighing 25 kg (baboon 1) and 18 kg (baboon 2)
were used. At the time of the experimentation the baboons
were anesthetized with ketamine (10 mg per kilogram of
body weight), paralyzed with gallamine, intubated with a
cuffed endotracheal tube, and passively ventilated on a gas
mixture of 70% nitrous oxide and 30% oxygen. To permit
arterial blood sampling a small catheter was percutaneously
placed in the femoral artery. To permit the intravenous injec-
tion of oxygen 15-labeled water, a small venous catheter was
placed in the femoral vein.

The head of the baboon was positioned with the aid of a
vertical laser line such that the center of the fifth slice (the
PETT VI system provides seven simultaneous slices) cotre-
sponded to a line running transversely through the center of




the cerebral hemispheres. A lateral skull roentgenogram with
the line marked by a vertical radiopaque wire provided a
permanent record of the position and angulation for later
correlation with anatomical observations (discussed later).

Attenuation was determined individually for each animal
after positioning in PETT VI by obtaining a transmission scan
using a ring source of activity (germanium 68) fitted to the
PETT VI tomograph as previously described. Prior to the
administration of ['®Flspiperone, regional cerebral blood
flow and regional cerebral blood volume were measured in
baboon 1 by PET following the sequential administration of
H,'%0 and C'®Q. Measurement of regional cerebral blood
flow and blood volume in baboon 2 was done on a day sepa-
rate from the [!®Flspiperone study. The lateral skull roent-
genograms provided for accurate repositioning of the ani-
mal’s head in the PET scanner.

Carrier-added [®F]spiperone was prepared by '®F-for-1°F
aromatic nucleophilic substitution, using spiperone and no-
carrier-added fluorine 1B-labeled tetrabutylammonium
fluoride {16]. The {'®Flspiperone, dissolved in a weakly
acidic normal saline solution, was injected intravenously (ba-
boon 1, 0.40 mg, 9.75 mCi/mg; baboon 2, 0.53 mg, 4.9 mCi/
mg). Beginning with the administration of [*®Flspiperone,
arterial blood sampling was begun at a rate of one sample
every 5 seconds and gradually tapered to a rate of one every
15 minutes near the end of the 2%4-hour study. Samples were
approximately 0.2 to 0.3 ml and were collected in pre-
weighed 3 cc syringes. Actual volume was calculated by the
difference in dry to wet weights assuming a specific gravity
for blood of 1.05 gm * ml™ L. Total activity was measured in a
calibrated well counter.

PET scanning was done repeatedly over the length of the
study, with scan lengths ranging from 2 minutes to 20 min-
utes. The longer scans at later times were necessary to
achieve comparable counting statistics at the end of the study
in the face of decaying and redistributing tracer. Total coinci-
dence counts ranged from 300,000 to 1,200,000 per slice.
Results were expressed as tissue activity at the midpoint of
the PET scan.

To determine the underlying brain structure of the PET
slices, baboon 1 was killed after the scan and the brain re-
moved. After formalin fixation the brain was frozen in dry
ice, partially thawed, and then sliced into 3.5 mm thick sec-
tions in the same planes as the PET study, using the lateral
skull film taken at the time of the PET scan as reference.
Brain slices were selected and photographed. The cerebellum
and striatum were easily identified, and regions were then

Table 2. Model Simulations

placed on the PET scan slices to sample from these areas of
interest.

To demonstrate the effect of specific binding site satura-
tion on image contrast, baboon 2 underwent a second
{'8F}spiperone study two weeks after the first injection using
additional spiperone carrier to achieve a higher molar dose
and lower specific activity (12.0 mg, 0.10 mCi/mg). Values
for CBF and CBV were obtained by PET as described on a
day separate from the high-dose ['®F]spiperone study. In an
attempt to re-create the same physiological state, the animal
was injected with unlabeled spiperone (12 mg) 30 minutes
prior to PET measurements of CBF and CBV. The lateral
skull roentgenogram was used to achieve accurate reposition-
ing in reference to the first study.

Results
Simulation results of ertor sensitivity for both PS and f,
estimation in cerebelium and PS, £_, and BP estima-
tion in specific binding site areas are summarized in
Table 2.

The anatomical sections and corresponding PET
slices for baboon 1 are shown in Figure 2. The PET
slices are from the last scan (T = 154 minutes) after
injection of ['®Flspiperone in which maximum dis-
crimination between receptor-rich and receptor-poor
areas is seen. Regions are selected as shown for cere-
bellum and striatum. The most anterior regions encom-
passing the eyes are placed for visual comparison only
and were not included in the modeling work. The in-
creased uptake in the eyes is not surprising, however,
because a large number of specific binding sites for
spiperone has been shown to exist in the retina {30].
The whole blood activity curve for baboon 1 is shown
in Figure 3. The time activity curves for the PET re-
gions selected on baboon 1 are plotted in Figure 4.

Two PET scan slices from baboon 2 are shown in
Figure 5. The first is a late image (T = 133 minutes)
after the first injection (high specific activity, low molar
dose) of {*8Flspiperone. The second is 2 late image (T
= 117 minutes) in exactly the same plane as the first
image, but after the second injection (low specific activ-
ity, high molar dose) of {®F}spiperone. For direct vi-
sual comparison both images are normalized to the
fraction of the injected dose. Note the dramatic de-

Percent Error Incurred by a + 5% Change in Starting Parameter

Starting Parameter 5 PS £y kY BP

F 0.0 -13 - 02 - 04 -0.2
Vi -0.2 -03 - 05 - 0.7 -0.12
Va -4.7 0.0 -104 -11.0 -1.7
i ~5.0 -5.0 21.0 24.0 2.1
12 16.0 14.0 -28

The parameters used in these simulations are defined in Table 1 and the text (Methods section).
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F-18 SPIPERONE
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Fig 2. Baboon brain positron emission tomographic (PET) images
(right) obtained after injection of {'*F)spiperone, shown with
corresponding anatomical sections (left) obtained from the same
animal postmortem. PET images were collected simultaneously
(delay after infection was 154 minutes), decay corvected, and dis-
played as tissue activity (cpsiml). Bottom slices (CD) are 1.4 cm
move caudal than top slices. Square vegions on the PET images
demonstrate where data was obtained for cerebellum (D, single re-
gion) and striatum (B, posterior regions) for interpresation by the
drug binding model. Regions over the retinal areas (B, anterior
regions) are for visual comparison only. These same PET regions
are also superimposed over the anatomical slices (A,C) for demon-
stration of the actual underlying anatomy.
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Fig 3. Semi-log plot of whole blood activity after intravenous in-
jection of (*8F}spiperone (dose; 0.40 mg, 9.75 mCilmg). Each
Doint represents one measuvement and is decay corvected to time of
infection.

crease in image contrast in the second image. This
change appears to be a direct result of the greatly de-
creased fractional binding in the areas thought to be
rich in specific binding sites.

Analysis with the receptor model was performed on
the data sets resulting from all three injections of
{'8F}spiperone, and the findings are summarized in
Table 3. However, the data from the second study on
baboon 2 (high molar dose, low specific activity) had
insufficient differences between striatum and cerebel-
lum tissue activity curves to find mathematically unique
solutions for receptor terms regardless of equation set
used. For the data sets obtained from baboon 1 and
after the first injection of baboon 2, the use of Eq. set 1
yielded only nonunique solutions of £; and B,,,. Thus,
all receptor values are derived using Eq. set 2. The
computer-generated curve-fit results from baboon 1
are plotted against the PET data in Figure 4.

Discussion

Technical Considerations
Evaluation of our proposed model should begin with
consideration of assumptions inherent in its structure.
No provision is made for products of spiperone me-
tabolism in the model. The presence of such com-
pounds in the brain tissue could cause significant errors
in data interpretation. Kuhar and colleagues {171, how-
ever, report no significant metabolism of spiperone
in rat brain up to 2 hours after intravenous admin-
istration. Additionally, if spiperone metabolism were
shown to occur in other organ systems (e.g., en-
terohepatic), the model would be unaffected unless the

7000r¢ ® Striatum, left hemisphere

’_g O Striatum, right hemisphere

g 6000 A Cerebellum, midline 103 F
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TIME (min)
Fig 4. Regional tissue activity curves for three aveas of the baboon
brain after intravenous injection of (' F}spiperone. Each point
represents the decay-corvected local tissue activity as measured by a
Dpositron emission tomographic image. The solid lines vepresent the
best computer curve fit generated by the drug binding model.

metabolites entered the vascular system in significant
quantities. Further work is required to assure that drug
metabolism does not interfere with the model, bur it
should be done using { '®Flspiperone. Other radiolabels
may behave differently (e.g., hydrolysis of the label can
affect tritium-labeled spiperone), and the results would
not be applicable.

Nonspecific binding may confuse the interpretation
of receptor binding data. Hartley and Seeman [10]
demonstrate that a large error occurs with in vitro
dopamine receptor characterization with spiperone
when nonspecific binding is ignored. Generally, separa-
tion of the effects of nonspecific binding from those of
specific receptor binding with in vitro studies requires
a broad range of substrate concentrations, including
levels that saturate all specific binding sites. This re-
quirement would be impossible to meet in human in
vivo studies, however, without producing unwanted
pharmacological effects. Thus, the proposed model es-
timates nonspecific binding from the cerebellum, a
brain tissue believed to have no specific binding sites
for spiperone {17, 19]. This value is used to evaluate
specific binding sites in all other brain tissues.

Only indirect evidence suggests spiperone non-
specific binding is constant throughout the brain.
Kuhar and colleagues {17} and Laduron and co-
workers {18, 19} have shown that as spiperone specific
binding sites become saturated with increasing drug
concentrations, total spiperone binding in rat striatum
and in cerebellum become comparable. This tech-
nique, however, has not been applied systematically to
investigate nonspecific binding throughout the brain.
Nonspecific binding sites are most likely situated on
many types of common cellular and structural proteins,
however. To postulate the existence of regional
changes in nonspecific binding, one would have to as-
sume significant regional variations in the gross protein
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makeup of brain tissue. Such variations seem unlikely
in gray matter in different areas.

We assume that transport of spiperone out of the
vascular space and into the tissues occurs through pas-
sive diffusion. The data from the studies of baboons
and the associated modeling support such a mechanism
in that the curve fit was close for all tissues at early time
points, when transport plays a large role in determining
tssue activity. Even if other transport mechanisms ex-
isted, with the tracer quantities of drug we propose for
human studies, such systems would behave in a linear
fashion and be indistinguishable from passive diffusion.

An important feature of our model is that we esti-
mate the value for PS, the brain permeability—surface
area product, for spiperone locally. This approach cir-
cumvents errors that would occur from extrapolating
values for PS obtained, for example, from the cerebel-
lum to the striatum, based on the evidence that capil-
lary surface changes regionally throughout the brain
{12, 31}.

Certain pharmacological complexities of drug recep-
tors are ignored in our model. For example, no provi-
sion is made for competition by endogenous neuro-
transmitters on receptor binding sites. We believe that
this is a2 minor point, because it is doubtful that in
normal animals or human subjects a large number of
receptor sites are consistently tied up over the length
of the study. Also, the very high affinity of spiperone
compared with that of the major aeurotransmitter,
dopamine, reduces potential effects from competition
for sites [26].
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Fig 5. Comparison of baboon brain positron emission tomo-
graphic images obtained with intravenous injection of

{18F }spiperone using (A) low molar dose, high specific activity
(dose; 0.53 mg, 4.9 mCilmg) and (B) high molar dose, low
specific activity (dose; 12.0 mg, 0.10 mCilmg). The images are of
the same animal at the same level, angulation, and delay after
ingection (A, 133 minutes; B, 117 minutes). Both images have
been corrected for decay and normalized to fraction of injected
dose. Aveas of increased drug binding are easily distinguishable
in image A, but are dramatically diminished in image B. This
effect is presumably the result of satuvation of the specific binding
sites with injection of the high molar doses.

Our model does not attempt to describe a more
precise receptor compartment than the extravascular
tissue space. Although this may seem to be an
oversimplification considering the knowledge that ex-
ists regarding cellular distribution, orientation to mem-
branes, and possible sequestration of receptors in vesi-
cles {18, 26, 29}, including all of these factors would
not change the behavior of the model as long as the
ligand spiperone freely passes into all areas. Because
the observed receptor kinetics proceed much more
slowly than the transport across the blood-brain barrier
and we assume that no membrane exists in the tissue
with less permeability than that barrier, it is reasonable
to conclude that spiperone can distribute homoge-
neously in the tissue space. Thus, despite a certain in-
homogeneity of receptor distribution on the micro-
scopic level, we believe that no additional refinements
are needed presently in the model.



Table 3. Regional Parameter Values

Supplied
) Parameters Estimated Parameters by Model
Spiperone

Animal Study Dose (mg) F Vi f2 PS k_q BP
Baboon 1 0.40

Cerebellum 0.012 0.060 0.058 0.032 ..

Striatum, left 0.012 0.057 . 0.028 142 x 1074 21.6

Striatum, right 0.011 0.061 0.025 1.35 x 1074 19.7
Baboon 2 (first study) 0.53

Cerebellum 0.014 0.059 0.048 0.024 -

Striatum, left .015 0.046 .. 0.028 4,01 x 1074 17.4

Striatum, right 0.016 0.049 0.030 398 x 1074 19.1
Baboon 2 (second study) 12.0

Cerebellum 0.008 0.053 0.047 0.036 . .

Mean *+ SD 0.013 0.055 0.051 0.029 2.7 x 1074 19.4

+ 0.003 =+ 0.006 =+ 0006 0004 =15 x 1074 + 1.73

See Table 1 for description of variables and units.
SD = standard deviation.

Because of the well-known limitations of PET in
spatial (approximately 1 cm®) and temporal (approxi-
mately 1 minute) resolution, use of our receptor model
with PET data requires special comment.

Partial volume averaging necessitated by limited spa-
tial resolution should always be considered a potential
source of error. Selection of region(s) for cerebellum in
the baboon was done accurately in our study with the
aid of anatomical sections. Fortunately, the cerebellum
in bumans is sufficiently large that with extant anatomi-
cal reference techniques (e.g., lateral skull films, com-
puted tomographic scanning in the plane of the PET
slices), the problem of in vivo localization of this struc-
ture should be minimal. Regions selected for receptor
analysis may be somewhar more difficult to localize
because they are smaller. Additionally, these regions
may be heterogeneous with respect to receptor type
(two or, possibly, three types of dopamine receptors
are believed to exist). The resultant BP will be a
weighted linear average or, possibly, a nonlinear com-
bination. The extensive simulations needed to demon-
strate the nature of this averaging effect have not yet
been done. A region containing nonbrain tissue (e.g.,
cerebrospinal fluid) should exhibit a significant non-
linear error in receptor characterization. A clue that
such an error exists in the data would be an accompany-
ing change in the PS, because the region would include
tissue with a radically different degree of vascularity.

Limited temporal resolution may be especially im-
portant in describing the very early tissue activity
curve. A PET scan can give only the integrated activity
curve during the scan, not instantaneous activity, as
required by the model. Currently we assume constant
radioactivity during the scan and divide the ac-
cumulated PET activity (counts) by the scan length to
estimate an instantaneous counting rate at the midpoint

of the scan. At early times the flux of radiotracer within
the tissue may invalidate this assumption and lead to
errors in model parameters, particularly PS. We see
two possible approaches to this problem. The first, and
easier, is to use a higher injected dose of radicactivity
and scan for shorter times to obtain statistically .valid
results. This approach is severely limited by the restric-
tions on radiation dosage in human subjects, howevet.
Another approach is to integrate the model equations
twice. The second integration over the time of the scan
allows the model to predict and compare directly the
integrated tissue activity with the PET activity. We
have successfully employed this technique in models
for the measurement of CBF and CBV with PET {9,
251

Our simulations (see Table 2), admittedly limited in
scope, indicate that quantitative characterization of
spiperone binding sites in terms of the binding poten-
tial is not critically dependent on the estimates of local
blood flow, blood volume, and tissue nonspecific bind-
ing. Errors in local blood flow or blood volume estima-
tion have surprisingly little effect on BP or the kinetic
rate constants £_; and k. A 5% error in the estimate
of tissue nonspecific binding (f,) causes only a 2.8%
etror in BP, whereas large errors, 149 and 16%, were
observed in the separate kinetic rate constants. This
same pattern of differential sensitivity is seen when the
error is placed in the blood nonspecific binding (f1) or
the tissue volume (V). In general the kinetic values are
much more sensitive to errors in parameters other than
BP. This bodes well for the use of the BP parameter in
clinical investigation.

Biological Considerations

The data from our studies of baboons, obtained us-
ing [®Flspiperone and PET scanning, provide a truly
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in vivo, qhantitative representation of spiperone dis-
tribution and binding kinetics. Qur parameter esti-
mation strategy was successful when high-specific-
activity ['®Flspiperone was used. Low-specific-activity
['8FIspiperone yielded data that could not be inter-
preted uniquely in terms of specific binding. This pat-
tern will occur whenever specific binding in the tissue
is low in relation to nonspecific binding. This situation
can arise when large molar doses of unlabeled ligand
are administered in conjunction with the radiolabeled
ligand, as was done in our experiment. Under these
circumstances most of the available specific binding
sites are occupied by unlabeled ligand, a condition that
should not occur in human studies because of the un-
wanted side effects of such high doses of a potent
ligand. This situation can also arise, however, when a
radioligand with a much lower specific binding affinity,
relative to its nonspecific binding affinity, is used. A
drastic reduction in either afhnity or number of recep-
tors resulting from a specific disease process could pro-
duce the same result.

Measurements of the brdin permeability of
spiperohe, expressed as the product of permeability
and capillary surface area, or PS, and determinations of
whole tissue nonspecific binding have not been previ-
ously published, to our knowledge. Our value for the
brain PS of spiperone (0.029 cm? - sec ™!+ ml ™ !) is quite
similar to the brain PS for water (approximately 0.021
cm’ - sec 7!+ ml 1) previously measured in our labora-
tory {7, 24]. This similarity implies that a consider-
able percentage of the administered dose of labeled
spiperone freely enters brain. Qur data, however, indi-
cate that only a small fraction of the administered dose
actually reaches the brain tissue, probably because a
large fraction (about 90%) of the labeled plasma
spiperone is bound to plasma protein.

Spiperone specific binding characteristics have been
studied extensively with in vitro techniques. The total
number of binding sites (B..) has been estimated at
values ranging from 0.76 nM to 12.75 oM in human
striatum {207 and 16 nM to 28 nM in tat striatum {1,
271. Values for Kp range from 0.14 nM to 0.39 oM in
tat striatum {1, 271. Thal and colleagues {29}, studying
spiperone binding in monkey caudate nucleus, report a
B 0f 17.8 aM and a Ky of 1.1 nM. If these values are
converted to our binding potential value, where BP =
B 1ax/Kp, we find a range of 2.0 to 91.0 for human
striatum (using the Kp values from the rat, because
none are available for humans), 41 to 200 for rat
striatum, and 16.2 for monkey caudate nucleus. Qur in
vivo values of BP (mean, 19.4) compare quite favor-
ably, considering the range of results in the literature.

We wish to emphasize that the term éinding potential
(BP) is more than a mathematical rearrangement of
parameters. Its existence stems from the realization
that with the administration of any radioligand in tracer
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quantities, #0 in vivo model can separate the receptor’s
forward rate constant from the concentration of recep-
tor sites. Without a priori assumptions regarding re-
gional receptor kinetics, these terms must be lumped
together as a product. Thus, with our model we obtain
values for £, * B .x, Or £} and the reverse rate constant,
& _i. It was unclear to us how these two kinetic parame-
ters (£} and £ _,) could be related intuitively to possi-
ble brain pathophysiological mechanisms. We choose,
therefore, to combine the two parameters by dividing
£} by £_,. This yields a parameter (i.e., the binding
potential, or BP) that is, quite simply, the total number
of binding sites or receptors multiplied by their affinity
for the ligand. As a result, we have a term that is
linearly related to receptor concentration and to the
receptor affinity for the ligand. As such, it should accu-
rately reflect the potential of a specific membrane to
interact with either a specific radioligand or, more im-
portant, a specific neurotransmitter (e.g., dopamine). A
further feature of this parameter is that it has no units.
BP also is easily shown to be the equilibrium ratio
between receptor-bound ligand and free ligand. Thus,
for any amount L of free neurotransmitter or
radioligand, the product of BP and L is the maximum
amount of receptor that will bind with the compound.
This last characteristic is the basis for the name binding
potential.

The reverse rate constant, or the fraction of bound
ligand leaving the receptor per unit time, £_;, has been
estimated by Sundermann and Wooten [27] to be 1.6
X 107 3sec™! in rat striatum. Our in vivo results for &_ ;
(mean, 2.7 X 107 “sec™!) in baboon striatum are lower
by a factor of six. This difference, if not merely repre-
sentative of the natural range of values for the different
species, is most likely a result of the difference in mea-
surement techniques. The in vitro method involves the
creation of a membrane homogenate with an assuredly
different chemical and stereotypical receptor environ-
ment. Our in vivo technique preserves the receptor
environment and may be influenced by such hypothet-
ical factors as receptor—receptor interactions that can
decrease the “off rate.” For these reasons in vivo tech-
niques such as the one proposed here not only may
provide data different from in vitro studies bur may
prove superior to in vitro techniques in accurately
characterizing drug-receptor kinetics in living humans.

The next step is to apply our receptor model to
['8F}spiperone PET data from human subjects. Work is
under way to achieve routinely specific activities
greater than 200 mCi/mg in the preparation of
[ "Flspiperone, thus allowing injection of 20 mCi with
a dose of spiperone less than 0.1 mg, which should be
devoid of acute pharmacological effects [21, 221. Once
this goal is achieved, we believe there will be no major
obstacle to quantitative regional in vivo drug binding
studies of the human brain.
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