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PHARMACOKINETICS AND POSITRON EMISSION TOMOGRAPHY

by:

Laura L. Boles Ponto, Ph.D.
James A. Ponto, M.S.

University of Iowa
Department of Radiology
PET Imaging Center
TIowa City, Ilowa 52242

STATEMENT OF OBJECTIVES

The purpose of this lesson is to provide information involving the unique, mutually-beneficial relationship between
PET imaging and pharmacokinetics. Specifically, the applications of pharmacokinetics in PET imaging in order
to derive quantitative measures of physiological function and the use of PET imaging as a tool to study the
pharmacokinetics of specific drugs will be discussed.

This lesson is designed as both an introduction to the interplay of PET imaging and pharmacokinetics as well
as a resource for PET applications (e.g., receptor agents, clinical and research uses of FDG). The reader is
not expected to be able to apply the models and imaging techniques described in this lesson, but rather to
know that these models and techniques exist and to have available the necessary references to apply them if
needed.

Upon successful completion of this lesson, the reader should be able to:

1. Discuss the applicability and use of pharmacokinetics (tracer kinetic models) in PET imaging to
measure physiologic processes.

2. List common types of compartmental and non-compartmental models used for PET
radiopharmaceuticals and cite at least one example for each.

3. Discuss the applicability and use of PET imaging as a pharmacokinetic tool to assess radiolabeled
drug disposition.
4, List pharmacokinetic issues that can be addressed in vivo by PET imaging and cite at least one

example for each.

5. Describe practical limitations of PET imaging in performing clinical investigations involving
pharmacokinetics.
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Introduction

Positron emission tomography (PET), unlike its tomographic counterparts
computed tomography (CT) or magnetic resonance imaging (MRI), produces
functional, as opposed to anatomical, images. Clinically, these functional images
represent a mapping of physiological and/or pharmacological processes in vivo ,
e.g., blood flow to the heart, glucose metabolism in the brain, binding of a
pharmaceutical (ligand) to its specific receptor or binding site. Technically, these
functional images are the culmination of the combination of the unique
characteristics of the positron-emitting radiopharmaceuticals, the technological
developments which make positron emission coincidence detection feasible, the
refinement of reconstruction algorithms, and the development and application of
workable tracer kinetic models.

It will be the purpose of this paper to discuss the unique relationship
between PET imaging and pharmacokinetics. This relationship is one of mutual
benefit. The strength of PET as an imaging modality is that it produces temporally
and spatially identifiable quantitative images expressed in physiologically
meaningful units (e.g., blood flow expressed as mI./min/100 gm tissue). This is
the result of the application of pharmacokinetics. On the other hand, PET is a
pharmacokinetic tool which allows one to visualize and quantify processes, in vivo,
which were in the past little more than mathematical constructs.

This lesson is designed as both an introduction to the interplay of PET
imaging and pharmacokinetics as well as a resource for PET applications (e.g.,

receptor agents, clinical and research uses of FDG). The reader is not expected to




be able to apply the models and imaging techniques described in this lesson, but
rather to know that these models and techniques exist and to have available the
necessary references to apply them if needed. The major emphasis of this
pharmacokinetic discussion will be on the assumptions and limitations inherent in
the formulation and application of tracer kinetic models. Although the discussion is
centered on PET radiopharmaceuticals, as SPECT analogs (¢.g.,
[123Jiodobenzofuran for dopamine-D5 receptors’ are developed, these same
concepts will be applicable. In addition, kinetic analysis in conventional nuclear
medicine is becoming more important. Whether itis a standardized uptake value for
an oncologic imaging agent or a mean residence time used for the calculation of
individual radiation dosimetry for a therapeutic radiopharmaceutical, the same
principles as detailed for PET will apply. The nuclear pharh]acist, as the only
nuclear medicine team member with both pharmacological and pharmacokinetic
training, needs to understand the concepts and applications of tracer kinetic
modeling. To facilitate the varying needs of readers, part of the more detailed
mathematical explanations and resource materials have been moved to appendices
and operational equations (i.., the equations actually used in final calculations) are
highlighted by a boxed border.

Capabilities and Limitations of PET
A positron is a positively-charged electron (i.e., antimatter). Positron-

emitting nuclides are produced by bombarding target material with protons or

deuterons in a cyclotron. The resulting nuclide is unstable (i.c., the nucleus is




neutron-deficient), and therefore, stabilizes through decay by positron-emission.
The emitted positron travels a finite distance (statistically defined by the energy at
which it is emitted from the nucleus) before coming into contact with a negatively-
charged electron (i.c., matter). The positron—electron (matter—antimatter)
interaction results in the annihilation of the two particles and the release of radiation.
This conversion is in the form of two 511 keV gamma () rays emitted at 180°
angle from each other. These coincident yrays are then detected by the PET camera
or scanner which consists of a ring of detectors positioned around the patient.

The advantages and disadvantages of this modality li¢ primarily with the
positron-emitting nuclides. The primary advantages are two-fold:

1. The decay process produces the two 511 keV yrays which are of
an energy and geometric orientation for optimal detection and
image reconstruction.

2. The major positron-emitting species, 130-oxygen, !3N-nitrogen,
1C-carbon, and 18F-fluorine, unlike those utilized in
conventional nuclear medicine, are isotopes of elements which
are components of essentially all molecules of biological interest,
1.e., naturally-occurring biological molecules, biologically-
relevant ionic species, analogs of biological molecules or ions,
or drogs.

The primary disadvantages stem from the short physical half-lives of these
positron-emitting nuclides (Sae Table } ). These half-lives (i.¢., 2 to 110 minutes
for the commonly used nuclides listed m Table 1) require that nuclide production,
chemical synthesis, and pharmaceutical quality control testing all be performed on-
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site. This is a facilities— and labor—intensive proposition*'. A PET production and
imaging center requires both a cyclotron and a dedicated PET scanner. Far less
expensive, but much more limited in capability, are PET centers that utilize only
radiopharmaceuticals that are generator-produced (¢.g., 2Rb-rubidium chloride) or
commercially available (e.g., fluorinated radiopharmaceuticals from centralized
production facilities in some geographic areas) and lower-priced imaging
alternatives such as high-energy collimated SPECT cameras or coincidence
cameras''.

An additional disadvantage is that the short half-lives mandate that synthetic
and quality control (Q.C.) components of radiopharmaceutical production be limited
to 3 half-lives or less. For example, in the case of 11C-containing compounds,
synthesis and Q.C. of formulated product must be accomplished in 1 hour or less.
Because of these time constraints, only fluorinated radiopharmaceuticals are
potential candidates for centralized production and commercial availability.

Currently, USP monographs, which serve as recognized drug standards,
are available for a number of PET radiopharmaceuticals (See Table 2.). Under the
provisions of the Food and Drug Administration Modernization Act of 1997,
producers and/or manufacturers of PET radiopharmaceuticals are not required to
register as a drug establishment or to file an NDA or ANDA for a period not to be
less than 4 years from enactment (i.e., November 21, 2001)"”. However, all PET
radiopharmaceuticals must meet USP standards for the specific agent, when
available, as well as the provisions in the USP chapter entitled

2913

“Radiopharmaceuticals for Positron Emission Tomography - Compounding™ .
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The Use of Pharmacokinetics in P.E.T

The raw images produced by the PET camera are three-dimensional
reconstructions of count-rate distributions. These images are qualitative or semi-
quantitative in nature and are frequently of only limited value to the
clinician/scientist. The transformation into quantitative, functionally-based images
requires the application of tracer kinetic models'***. These models mathematically
relate observable components of the system (e.g., count rate distributions in various
anatomical spaces, arterial input functions) to functional processes. The model
development process is one by which a comprehensive model (i.¢., one
incorporating all known, relevant information about the behavior of the tracer in the
body or organ of interest) is reduced to a workable form'. Model reduction is
accomplished through the formulation and application of simplifying assumptions.
For the most part, compartmental approaches have been utilized in the formulation

of tracer kinetic models in P.E.T*. See Table 3 for representative examples.

One-compartment Model: [150]Water

* Unlike the majority of authors reporting in the phanmacokinetic literature who use the double
subscript notation (i.e., "to-from" scheme) for the designation of rate constants, the PET literature
utilizes the sequential numbering system. All models will be reported in this paper utilizing the
notation adopted by the developers and users of the particular model. No attempt wﬂl be made to
standardize the notation throughout this work.




apaury Jdder]

[EonAIoaY L, Jown) ‘urelq | WSHOQEISW PIE OURLY dumotam{D 1| reyusunreduios-uoN

[2O03I0Y ], ureiq Surpuiq J03doooy suoradidsiAgsw{Dy{]-N |  juounredmos -moyy

Jruszewai{oy ] paru Anoedes

[e5TAI0Y Y, ureiq Surpurg 010209y spudopeiDyr] | pusunredwoo-somyy,

feonatcay L | Jown ‘urelq ‘Lreay wistjoquiowr asooney | 250oN18Ax03p-z-0100x[iigy] |  juounedwoo-oanyy

reomnduwrg weay |  uondwnsuod ueSAxQ 1R ]]|  juounredwos-om,

JOWIN} “ISAI] “210s0UU

120021094, | [EI9[OYS ‘UTRIq LIRSy 01§ poog 1em[Ogy] usunredwod-ouQ

sisegq (s-)uediQ uonuny jeannadeuwrrey J 9POJAl Jo d3dA],
durpppoiy

LAd 03 s3yoeoaddy osrueudppndunjodewaeyd jo suonevdddy jo ssjdwmexy ¢ 3qe],

1o



[150]Water is a tracer utilized to determine regional blood flow. The theory
behind this application is based on Kety-Schmidt's single compartment model for
diffusible tracers'®®. Water exists in the body in three potential compartments —
the vascular space, the interstitial space, and the cellular space. Because the
transport of water, whether naturally-occurring [160]water or radioactive
[150]water, across the capillary wall is very fast, especially in respect to blood flow
(i.e., delivery of tracer), all three spaces can be considered as a single compartment.
Under these conditions, the concentration of [150]water in the tissue of interest is a
function of the blood flow to, and the volume of distribution (or partition
coefficient) of, that tissue. Blood flow delivers tracer to the tissue as well as clears
tracer from the tissue. The amount of radioactivity is also reduced by radioactive
decay.

Two approaches (i.e., dynamic and static imaging) have been utilized to
determine blood flow from [190]water data, with the choice of approach dependent
on the type of PET data acquired.

In the case where dynamic data (i.e., multiple scans) are acquired over an
extended period of time (i.e., 6 to 10 minutes), the following equations have been
utilized' #-2:

. JQ*at 1S Qdr + Q(T)] - Q*(T) JSQur
Jcidt NQ* dt - SQar Soi*ar

v JQ*ar A JQdt+ Q(my - Q) SQut
Jerar i XQ ar+ Qeml - Q) Sciar

11




QW =COV

where F = blood flow (ml/min/g); V = distribution volume (mL/g) of the tracer;
Q(t) = total radioactivity (LCi) in the element at time =t; Cj(t) = tracer concentration
(1Ci/mL) in arterial blood at time =t; C(t) = tracer concentration (UCi/mlL) in the
element at time =t; and A = physical decay constant of the radioactive tracer. All
terms denoted by an asterisk are decayed-cormrected quantities.

Implementation of this approach requires: 1) measurements of total [150]
activity in regions of interest from time = 0 to T; 2) measurements of total [150]
activity in arterial blood from time =0 to T; and 3) assumption that Q(0)=0. I T
is chosen such that Q(T) = 0, then the equations become:

A JQrafQar - Q*(m SQa

F =
fcidi JQ* di - JQdt Jo*ar

2 JQ*dt- Q*(T)
Q*(D SCidt
JQdt

2 Jeitae

When a single static image is acquired, the following equation for the
relationship between the activity in the tissue is utilized™”"
Ci(®) = C(t) @ e [EpHAL
where Cy(t) = time varying radioactivity concentration (Ci/mL) in tissue; Cy(t) =

time varying radioactivity concentration (Ci/mL) in arterial blood; f=local mass

J12




specific blood flow (mL. of blood/mL of brain/min); p = tissue-blood partition
coefficient for water (mL of blood/mL of brain); A = decay constant for [150Q]; and
® = mathematical operation of convolution. It should be emphasized that PET
images are not instantaneous count rates, but rather are the counts determined over a
finite period of time. Therefore, the determined count rate values are represented by
the integral over the scanning interval (t = T to T5). By assuming a fixed value of

tissue-blood partition coefficient, p (such as 0.9 mL of blood/mL of brain®), the

equation:
Ty T
Jeum dt = £ SCat) ® e-Im+AL gt
T T

has only one unknown, f, which can be estimated by using a look-up table or an
analytic relationship”. Implementation of this approach requires: 1) measurement
of total [150] activity in regions of interest from time = T to T5; and 2)
measurements of total [150] activity in arterial blood from time =0 to T. By
excluding the first 40 seconds of data, errors associated with the blood-borne
radioactivity component in measured PET data and the differences in arrival time of
an arterial bolus across the various brain regions are minimized.

The latter described approach, known as the autoradiographic method, is
currently the most frequently applied quantitative methodology employed for “brain
mapping” work. In a review of the brain mapping literature from 1995 to 1998,
80% of the studies specified the use of LV. bolus administration and 45% of the
studies utilized the antoradiographic method of quantitative analysis.
Implementation of this method is technically challenging but has been completely

13




detailed by Hichwa, et al.”. In addition, this methodology has been extended to

examine blood flow in skeletal muscle®®, liver” and solid tumors™.

Two-Compartment Model: [11C]Acetate

[11C]Acetate can be applied as a tracer of myocardial tricarboxylic acid
(TCA) cycle flux*** and therefore, an in vivo measure of myocardial oxidative
metabolism. The disposition of [11CJacetate in the myocardium after intravenous
administration has been modeled, empirically, with a monoexponential or a

biexponential function during rest and exercise, respectively:

Q=Aekt

Q=Ajekit+ Agekat

where Q = myocardial [11C} activity, A; and Ay = constants, kj and ky =
myocardial turnover rate constants for the initial and terminal phases, respectively,
and t = time post-peak activity®™ . The initial rapidly clearing phase of the
biexponential relationship constitutes > 80% of the area under the curve”. Various
theoretical models have been proposed to explain the observed time-activity
relationship®“. Because of the difficulty in fitting the second exponential with
data available from PET studies, some researchers have fit only the initial linear
portion of the myocardial time-activity curves to derive the turnover rate constant,
Kmono*#:. The values for kmono €xhibit relatively high correlations with k; values
(i.e.,r =0.95)*. The clearance rate constant, k, has also been determined using
the mean transit time*® (See Non-compartmental Analysis: Mean Transit Time.).
Image analysis algorithms have been developed to produce parametric images (i.¢.,

images in which the value assigned to a particular pixel is that of a derived

14




parameter value (e.g., k) as opposed to an observed quantity (i.e., count rate)*>
46) .

Myocardial oxygen consumption (MVOy), calculated from the product of
flow and the measured oxygen extraction in aortic and coronary sinus catherized
dogs¥, has been related to the k; value by linear regression®™*¢. These
relationships determined in dogs have been applied to the calculation of myocardial
oxygen consumption in healthy and diseased humans®**, Both the k1 and kmono
parameter values have also been related to indirect measures of MVO» such as rate
pressure product (RPP)*#, Recent work® has related direct measurements of
MVO in humans to calculated k1 and kmono parameter values via linear regression:

kj (min™) = 0.0139 +0.0041 x MVO; (mL/min/100g)
kmono (min™) = 0.0197 + 0.0027 x MVO; (mL/min/100g)

Modifications to the model and data acquisition and analysis scheme have
been developed that allow for the calculation of both myocardial oxygen
consumption and myocardial blood flow with a single administration of only

[11Clacetate>*,

Three-Compartment Model: [18F]Fluorodeoxyglucose
[18F]Fluorodeoxyglucose (FDG), the most widely studied of all PET
tracers, is a glucose analog utilized as a metabolic tracer, and therefore, is used to
measure tissue viability. This agent has been utilized traditionally as a marker of
metabolic activity in the brain® and in the heart™, but more recently, the use of

FDG for oncology has literally exploded™. A comprehensive review of the uses of

15




FDG is beyond the scope of this lesson. However Appendix 1 presents an

overview of FDG uses with relevant citations.

The three compartment model utilized to analyze FDG biodistribution data is
an extension of the model originally developed for [Y4C)deoxyglucose by
Sokoloff™. See Figure 1 for schematic®**. In this model, the FDG exists in the
plasma as FDG and in the tissue as either FDG or as FDG-6-P
(fluorodeoxyglucose-6-phosphate) with the concentrations of the compartments
designated as Cp", C¢" or Cp", respectively. The parameters, ky* and ky",
represent the passive and/or active transport from the plasma into and out of the
tissue of interest (which for the brain is transport across the blood-brain barrier) and
the parameters, k3* and k4*, represent the phosphorylation and de-phosphorylation
of FDG, respectively.

The use of this workable model for the calculation of glucose metabolic
rates is predicated on the following assumptions™ >
1. FDG kinetic behavior patterns the kinetic behavior of glucose

(G) in that they compete for common transport Carriers and
hexokinase-mediated phosphorylation and that the differences in
disposition can be accounted for by a lumped constant, LC.

2. A compartmental model is appropriate because the transport and
phosphorylation obeys first-order kinetics and are homogeneous
within a local region (i.e., ROI or pixel).

3. FDG-6-P is not subject to further metabolism, except for the
dephosphorylation reaction, and therefore, is trapped within the

tissue.

16
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4. The metabolism of G is at steady-state throughout the time-
course of study such that the plasma glucose concentration
remains constant and unaffected by the FDG concentration.

5. For both FDG and G, the arterial plasma concentrations and
capillary plasma concentrations are approximately equal.

The concentrations in the two tissue compartments can be described by the

following equz:ttlonsl“'s""56

Ce* = E—-—E—[(m “ap e olty (az—ke*)e—02t] @ Gt

k*

[c—a1t+ e—oth] ® Cp (®)
o) — ol

Cm" =

where Cp"= = concentration of FDG in plasma, Ce* = concentration of FDG in
tissue, Cm* = concentration of FDG-6-P in tissue, k;* through k4" are the first
order rate constants, and

(K +K +Kkg) F /(K3 + k3 +kj)? — 4koky
2 :

o, 0=

Since PET imaging can not distinguish between the chemical forms of FDG nor

vascular and non-vascular activity, the equation for the 18F activity in the tissue C;*

is:

o ==K [(3* + ka* —ap) =01 t4 (a2 - k3* - k4" e 02 1]
a2 - ol

®Cp*@®) + Vb Cp*(®

where Vy, is the vascular volume in the tissue of interest. The FDG concentration in

whole blood is assumed to be equal to that in plasma in this application.
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The use of the above equations requires dynamic PET acquisition, i.c.,
multiple samples of tissue tracer activity (C;*(t) as a function of time) and
continuous plasma sampling (Cp"'(t) as a function of time) over the time course of
the study. The kinetic data are then fitted to the three compartment model for
parameter estimation. The estimated parameter values are then utilized to estimate
the metabolic rate of glucose (MRGIc) for the tissue or region of interest:

* *
G ki'is

MRGIc = ——
¢ LCky* + k3

where Cp = plasma glucose concentration and LC = lumped constant.

The metabolic rate of glucose (R;) can also be determined after a single static
image acquisition after an appropriate time, T. This method rcqﬁires, in addition to
the [18F] activity at time T (C;*), a complete history of the FDG concentration in the
blood from time =0to T (Cp*(t)) and a single plasma concentration of glucose, Cp.
The operational equation becomes™:

Cp(Ci"(T) S - [ (ka* - ap)e 1t + (a2 — kq*)e®2] @ Cp*(t))
R: = a2 — oy
1

k" +k3*
a2 — 01

LC (el 02ty ® Cp*(t)

where all parameters are as defined above. A number of modifications to this
relationship have been proposed, including the use of population averages for
various parameter values’ >, fixing certain parameter values™ (e.g., k4), and
Bayes estimation techniques®. The sources of error and limitations of the above
described quantitative methods as applied to FDG have been reviewed by Alavi®
and by Schmidt®2.

19




Three or Four Compartment, Capacity-limited Model:
[11C]JRaclopride and N-[11C]methylspiperone

Radiolabeled ligands have been utilized to map and quantify various types
of receptors in the brain, heart, and other organs, both in vitro and more recently
with PET in vivo ©. Although a number of different receptor systems have been
explored with PET (See Appendix 2.), the most widely studied, especially that
related to the formulation of receptor-binding models, has been directed to the
dopamine-D5 system. This receptor system has been investigated primarily with
[11C] or [18F]- labeled spiperone (spiroperidol) and its derivatives (N-methyl or
fluoroethylspiperone)*™™ or with the benzamide compound, [11Clraclopride™*.

Six components form the conceptual framework for the comprehensive

model of receptor-binding™. The six components are:

p—

. Delivery of ligand to the tissue of interest via blood flow.

2. Free ligand in plasma.

3. Free ligand in tissue.

4. Non-specifically bound ligand in tissue.

5. Free ligand in synapses or in biophase adjacent to receptor.

6. Specifically bound ligand in synapses or in biophase adjacent to
receptor.

In PET applications, the comprehensive model is generally reduced to a three or

four compartment model'4466"#7798185 - Gee Figure 2. In these models, Cp is the
concentration of tracer (i.e., labeled ligand) in plasma, Cy is the free tracer in tissue,
Cys is the non-specifically bound tracer in tissue, and Cy, is the specifically bound

tracer in tissue. These reduced models are based on three assumptions:

20
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1. The delivery of ligand to the tissues is independent of blood
flow: therefore, the blood flow term can be eliminated. This is
generally the case when k; is relatively small.

2. The transport across the capillary walls (e.g., blood-brain
barrier) is a first-order process (i.¢., a diffusional process or a
high-capacity carrier system).

3. The free ligand in tissue is in equilibrium with the non-
specifically bound ligand in tissue.

When the non-specific binding is readily reversible (i.c., ks and kg >> k3), the free
and non-specifically bound tracer can be assumed to exist in a common
compartment, Ct (i.c., the free ligand in tissue is kinetically indistinguishable from
the non-specifically bound ligand in tissue), resulting in the three compartment
mode]} pictured in Figure 2.

Although the model is conceptualized in a compartmental format, it is not a
true compartmental model since ks is not a true first-order parameter’. The k3
parameter represents the rate constant for a capacity-limited process. Therefore, k3
is a pseudo-first order parameter when trace amounts (i.e., very small amounts
relative to the number of available receptors) of ligand are present. Although the
compartmental format is useful from a conceptual viewpoint, the receptor-binding
model is more accurately described by the series of differential equations that
describe the transfer and binding processes. See Appendix 3 for a more complete
explanation.

The binding of labeled tracers to physiological receptors can be described by

the law of mass action® *:
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*. k_a)*
[*D] + [R] 2 [*DR]
k4

where
[*D] = concentration of free labeled ligand, also known as F
(free)
[R] = concentration of unoccupied receptors

[*DR] = concentration of labeled ligand-receptor complex, also

known as B (bound)
ka = association rate constant
kd = dissociation rate constant

which describes a bimolecular association followed by a unimolecular dissociation.

The affinity of the ligand for the receptor is described by the Kp, the equilibrium

dissociation constant:
_I*DI1[R] _ kd

KD = "FDRT "k
which can be calculated from the equilibrium concentrations of the interacting
species or from the ratio of the dissociation and association rate constants, kg and
ka, respectively.

PET receptor-binding data have traditionally been analyzed by one of two
approaches™ 74™#:8%; 1) Dynamic approaéh (See Appendix 3.) and 2)
Equilibrium approach. |

In the dynamic approach, the compartmental model with the corresponding
differential equations is utilized. In the equilibrium approach, the parameters of
interest in ligand-receptor interactions, Kp and Bmax, are determined from the

concentrations of the specifically-bound (B) and free (F) ligand at equilibrium.
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When the system attains equilibrium, the rate of association is equal to the rate of

dissociation. The above expression can be rearranged and re-parameterized to

include the total receptor concentration, referred to as [Rltotal of Bmax:
[*D] (IRltotal - ['DR])

* .
DRI = Kp + [*D]

If "tracer” quantities of ligand are employed, the number of bound receptors is

mathematically insignificant to the total number of receptors present ([*DR] <<<
[Rltotal). In practice, investigators frequently consider values of [*DR] less than

10% of [Rlotal to fulfill this assumption®. Under this condition, the expression

can be simplified to:
*.
D] [R
[*DR] = D] ]:otal
Kp +["'D]
or ’
o _ FBmax
“Kp +F
and in the linear form:

where B = [*DR] = concentration of labeled ligand-receptor complex, and F = [*D]

= concentration of free labeled ligand. The data are generally analyzed by applying
a Scatchard analysis (i.e., a plot of %- versus B which yields a slope = %5 and

y-intercept = ?’% ). A minimum of two data points determined at two different

tracer concentrations (i.., two separate studies) is required for the determination of
the parameters of interest via this linearized method. Alternatively, the use of a

nonlinear method would require additional data points.
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Receptor occupancy by a therapeutic agent can be calculated by determining

t78.90

the change in the bound versus free ratio of a reference agent ™. The theory

underlying this method is that the reduction in the number of available receptors is
E
proportional to the reduction in the ratio ?—* . This relationship can be used to

calculate the percent receptor occupancy (R):

R= B¥* B * 100
=|gFref - Fxdrug| Xgs
Frref

* *
where %—,— ref = reference ratio with no drug present and 113-;: drug = observed ratio

after drug treatment. For the dopaminergic system, the receptor type, agent and

reference values used are:
Dopamine D2 receptor (11Cjraclopride 3.04
Dopamine Dyreceptor [11C]SCH23390  1.96

Results of the application of this methodology are presented in a later section

(Receptor Binding and Occupancy: Dopamine-D3 Receptors).

Non-compartmental Analysis: Mean Transit Time

The clearance rate constant, k, can be calculated using statistical moment
theory via the determination of mean transit time*?'. Since the drug or tracer
concentration in plasma or a particular tissue can be regarded as a statistical
distribution curve, the first three moments (zero, first and second) are the area-
under-the-curve (AUC), mean residence time (MRT), and the variance of the mean
residence time (VRT), respectively. These moments are defined mathematically by

the following equations™:
AUC= ["Cat
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— _[:tht _ AUMC
[Foar  AUC

VRT - i t*cat _ Iy (t— MRT)?
[rca AUC

The MRT is analogous to half-life in that it represents the time for 63.2% of the
drug or tracer to be removed from the compartment. For a one compartment model
with IV bolus administration, the relationship between MRT and k, the first-order

elimination rate constant is:

MRT =

Ll R

For multicompartmental systems, measured MRT multiplied by 0.693 is equivalent
to the effective half-life of the drug. The calculation of a rate constant via mean
residence time or mean transit time has the advantages of numerical simplicity (i.e.,
no nonlinear curve-fitting required) and relative robustness when the data are
noisey.

In the abplication of statistical moment theory to [11CJacetate, Choi*® refers
to the first moment as the mean transit time or t1. Because of the additive property
of the first moment, the true mean transit time can be determined even when the

input to the tissue of interest is delayed.
- [FiCpar [ tCy(t)de - s
= - = t1-U
BCmd [ Cynat

where C, (t) = the tissue concentration over time and C,(t) = the arterial blood

concentration over time, and ta is the delay time.
- = - 1
t=t1i-tg= 'E' = MRT
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If truncated data are used, corrections to the above relationships must be employed.
Mean transit time or mean residence time values are also used in radiation

dosimetry calculations”.

Non-compartmental Analysis: Standardized Uptake Values (SUV)
Standardized uptake value (SUV), also referred to as DUR (dose uptake

ratio, differential uptake ratio) or DAR (dose absorption ratio, differential

absorption ratio), is a measure of the amount of tracer taken up into a particular

tissue normalized by the dosage of tracer administered and the weight of the patient.

The usual equation for SUV® is:
SUV = radioactivity concentration [Bq cm™]
~ injected dose [Bq] ]
weight of the patient [g]

Careful consideration must be paid to the units in this equation. If the ROI (region-
of-interest) or pixel values are not displayed in concentration units that inherently
factor in time and the conversion between scanner measurements and activity, the
duration of imaging and pre-determined calibration factors must be factored into the
equation, For example, a reconstruction algorithm that displays images in PET
counts/pixel would use the following equation for calculation of an SUV value:

SUV =
radioactivity concentratlc?n [PET counts/pixel] x Calibration factor (uCi/cc/ct/pixel/s)
Image duration {sec]

injected dose [uCil/
weight of the patient [g]
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The assumption that 1 cm® = 1 g is generally made. Alternatives to the above
equation have employed the use of lean body mass™ or body surface area”% in licu
of actual body weight.

Although SUVs are semi-quantitative measures that can theoretically be
utilized for any tracer that undergoes “trapping” within the tissues, the most
frequent usage of SUVs is in the evaluation of clinical whole-body FDG images.
The SUV can be a useful piece of information, however, a number of factors
influence the magnitude of the SUV”":

Attenuation correction. SUVs are only valid on attenuation-corrected
images. Non-attenuation corrected images will inherently have a concentration
gradient dependent solely on the distance of the pixel from the surface of the body.
For example, the skin appears very “hot” on non-attenuation-corrected images,
essentially outlining the body. (See Figure 3.) .An SUV calculated from a relatively .
superficial lesion will have a significantly larger value than an SUYV calculated from

a deeper structure, even if the uptakes of the two lesions are identical. Therefore,
without attentuation correction, SUVs should not be calculated.

Patient size. Calculation of SUVs using total body weight assumes that
all individuals have the same “normal” distribution of tracer. However, fat tissues
have lower uptakes of FDG and other tracers, resulting in distributions of SUVs
correlated not just with tracer uptake, but with subject body weight also. The use
of lean body mass offers a slightly better approach. Alternative normalization
schemes that employ body surface area appear to be the least dependent on patient

characteristics® and are the most reliable indicators of actual tracer uptake.
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Vies ROI®  SUV Value
{1,57} Transverse 5.84
{1,57} Transverse 3.18
{2,40} Sagittal 4.36
{3,30} Coronal 2.88
{3,30} Caronal 3.22

Figure 3. Example of a clinical FDG study of a patient with a solitary pulmonary nodule. “A”
illustrates the differences between attentuation-corrected (left panels) and non-attenuation-corrected
(right panels) for sagittal and coronal whole-body images. “B” illustrates the clinical display
screen used. All three orthogonal views are routinely displayed with and without attentuation
correction.

29




However, the majority of clinical research has been reported using the SUVs
calculated from body weight.

Imaging time. For tracers that are completely extracted in a first pass and
undergo no redistribution, only tracer decay will need to be factored into an SUV
calculation. However, when an on-going metabolic process is being imaged, the
uptake, and therefore, the SUV is time dependent. Within the acquisition time of a
whole-body FDG scan, tracer concentration will increase due to continued uptake
and phosphorylation and decrease due to decay and in some tissues,
dephosphorylation. Therefore, within a particular facility, standard imaging times
with decay correction should be employed to optimize the comparability of SUVs.
Generally, imaging begins no earlier than 30 - 45 minutes post-injection (earlier for
brain and later for body imaging) and is limited to 90 - 120 minutes for both
emission and transmission imaging®.

Plasma glucose levels. FDG is an analogue of glucose which utilizes
the same metabolic pathways as glucose. Glucose competes with FDG resulting in
lower SUV's with increased plasma glucose levels™”. Therefore, whole-body
oncology imaging is generally performed in the fasting state (minimum of 4 hour
fast) to minimize this competition. Glucose levels should be measured in all
patients prior to FDG injection to ensure that levels are within the normal range for
fasting (i.e., 60 - 120 mg/dl). Plasma glucose levels above 130 mg/dl have resulted
in reduced diagnostic accuracy®. Diabetic patients must be normoglycemic prior to
the PET study. If the patient has a plasma glucose above the desired level, insulin
should not be administered to bring the glucose level down because this will force

the FDG into insulin-dependent tissues such as the heart, liver and skeletal muscle.
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Instead, the advisable course is to wait to see if the plasma glucose level drops
naturally or to re-schedule the procedure for another day. These recommendations
apply only to whole-body oncologic imaging where SUVSs are important semi-
quantitative, adjunctive information to the qualitative image appearance in reaching a
diagnosis. |

Differences exist in tissues that normally are highly metabolically active
such as brain and heart. Ishizu, et al.®, found improved tumor-to-cerebral cortex
ratios and better tumor visualization with glucose-loading. Cardiac imaging
requires insulin to facilitate FDG uptake, therefore, the patient is administered
glucose and/or insulin prior to tracer administration. At the University of Jowa, 91
whole-body FDG studies performed in the fasting state were examined for cardiac
uptake. Fifty-two (57%) had visualized uptake in the left ventricle (LV). The
average whole blood glucose level at the time of injection was 74.1£23.7, 732+
26.7, and 75.2 £ 22.2 mg/dl for all studies, and the subsets of studies for which
the LV was and was not visualized, respectively. Five of the patients had studies
performed on more than one occasion. In two of these patients, the LV was
visualized on one but not the other study. In the two patients in which the LV was
visualized in both studies, the mean difference in SUV was 5.4, with essentially no
difference in fasting glucose levels. One subject did not visualize the LV on either
study. Cardiac visualization on whole-body FDG imaging exhibits a large degree of
unexplained intra- and intersubject variability'®.

Partial volume, ROI and recovery coefficient effects. The
recovery coefficient is the fraction of true activity measured or “recovered” in the

reconstructed image of an object. The recovery coefficient (RC) is a function of the
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size of the object, with objects less than twice the resolution of the imaging system
exhibiting RC values significantly less than 1. Partial volume effects refers to the
fact that tomographic images do not segment along tissue-specific lines, but rather a
given pixel is potentially a mixture of tissues. | Again, partial volume effects are
size-dependent. Larger objects are more likely to have a greater number of pixels
that consist of only the tissue of interest than are smaller objects. Since SUVs are
generally calculated for ROIs circumscribing a particular tissue or lesion, the size
and shape of the ROI will determine the magnitude of the SUV.

Since all three of these factors influence the SUV, carefully drawn ROIs
following the margins of a lesion that is relatively homogeneous and larger than

twice the resolution of the scanner will produce the most accurate and reliable

measurements. Small lesions may appear “colder” (or “hotter” if it is a “cold” .
lesion in a “hot” field) and have lower SUVs (or higher) than would be calculated
for a larger lesion with the same tracer concentration because of the recovery
coefficient, partial volume effects, and the mechanical difficulty in creating an
appropriate ROL The use of maximum, rather than mean, pixel values for lesion-
based SUVs minimizes the later problem but does not eliminate the first two.
Figure 3 illustrates the use of SUV in an FDG study of a patient with a
solitary pulmonary nodule. Figure 3a is a side-by-side comparison of a&enuaﬁon—
corrected and non-attenuation-corrected sagittal and coronal images. Note the
differences in the relative activity in the skin, neck area, mediatinum and lateral
aspects of the liver between the two sets of images. Figure 3b represents the
clinical display format utilized at the University of lowa. ROIs are drawn on

various image sets and the corresponding maximum SUYV is displayed in the lower
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right-hand box. The software limits the user to SUV calculations on attentuation-
corrected images only. Note that on the non-attenuation-corrected images the lesion
appears to be a “solitary” nodule, whereas, with attentuation-correction, the coronal
display shows two separate lesions.

SUVs represent useful adjunctive information in the clinical decision-
making process. However, with all of the problems (detailed above) associated
with the calculation of FDG SUVs, their use as hard and fast criteria for the

differentiation of benign from malignant tissue is unwarranted.

Non-compartmental Analysis: Multiple-Time/Graphical Approach
(The Patlak Method)

The use of compartmental approaches for the modeling of PET
radiopharmaceutical disposition can potentially become conceptually unwieldy and
numerically cumbersome. Since the process of interest frequently is an end-stage
event resulting in an irreversible or nearly irreversible trapping of the racer within
the system (compartment), a non-compartmental approach, known as the multiple-
time/graphical analysis or the Patlak Method, has been developed for the evaluation
of transfer constants through a graphical analysis of multiple time data points'®"®,
Conceptually, this approach has three components:

1. Source (generally the plasma) — which communicates with the

other components of the model.

2. Reversible compartments — which consists of n compartments

which all freely communicate with one another (and therefore

can be considered to be a single compartment), and
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communicates bidirectionally with the plasma, and, potentially,
unidirectionally with the irreversible component.

3. Irreversible compartments — which consists of one or more
compartments which communicate unidirectionally (i.e., traps)
with the plasma and, potentially, the reversible component.

Application of this method requires the following assumptions'®:

1. The plasma represents the sole source of the tracer, the
concentration of which may vary with time.

2. The exchange between the reversible component and the plasma
is relatively rapid and govemed by first-order kinetics. All tracer
which enters this region can exit only by returning to the plasma
or by entering the irreversibl¢ region.

3. All tracer entering the irreversible component becomes
functionally trapped within this region. If the tracer undergoes
metabolism within the system, it occurs only within the
irreversible component and produces a metabolite that is trapped
at this stage.

4. The tracer, at the concentration used, does not perturb or alter the
system being investigated.

5. At time = 0, the concentration of the tracer in both the reversible
and irreversible components of the system = 0.

The overall uptake rate constant or influx constant, K, can be defined by the

following relationship'®:
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Am(o°)

Jopw dt
0

K =

where Apm(c0) = amount of tracer trapped in the system at infinite time, and Cp(t) =
plasma concentration at time =t. Att* the amount of tracer in the reversible
compartments will be effectively at steady-state with the plasma. This time is
defined by the nature of the reversible compartments. For time t > t*, the following

equation is valid:
t

Appe =K Of Cpm) dt + (Vo + Vp)Cp

where V,, = f Ve = relative fraction in the reversible compartments (2 constant) X
steady-state volume of the reversible compartments. Rearrangement of this

equation yields:

t
Jeom ac

An(® _ KO
G Cp(t)

+ (fVe+Vp)

t
f Cpdr

A
A plot of ﬁl;% Versus 0 G will become a straight line at t = t* with aslope =K

and a ordinate intercept = (Vo + Vp). (Vo + Vp) is a positive number which defines
the plasma space plus the lower limit of the volume of the rapidly reversible space.
An example of a Patlak plot utilized to calculate the global glucose metabolic rate
from dynamic [18F]fluorodeoxyglucose (FDG) data is presented in Figure 4.

The Patlak Method has been utilized to analyze myocardial glucose
utilization with FDG'®, the binding of N-[11C]methylspiperone to dopamine—D3
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receptors’ ™, the turnover of brain monoamine oxidase with L-[11C]deprenyl'®,
and amino acid transport in the human brain'® and tumor with L-

[1C]methionine'®.
The Use of PET in Pharmacokinetics

The importance of pharmacokinetic modeling to the analysis of PET-
acquired data was detailed above and related to specific models/applications. The
use of PET imaging as a pharmacokinetic tool involves the labeling of the drug of
interest and the subsequent imaging and analysis of the time-course of the agent's
disposition. Because of chemical, physical, and biological constraints inherent in
this approach, as described below, applications have been relatively limited. This
approach has been employed primarily for receptor-binding ligands, especially
those that bind to receptors in the central nervous system, and cancer
chemotherapeutic agents.

The use of PET imaging as a pharmacodynamic tool involves the imaging
and analysis of the degree and time-course of pharmacologically-induced
modifications in fundamental biological processes such as blood flow and/or
metabolism. This approach is applicable whenever the pharmacological or
toxicological effect involves the induction of change in one of these fundamental
processes (¢.g., investigations into the effect of o receptor agonists on myocardial
perfusion utilizing successive 82Rb dynamic PET studies'”; effect of adenosine on
cerebral blood flow utilizing [150]water'®; imaging of fenfluramine-induced

changes in the serotonergic system with FDG'® and [150]water'’. In contrast to
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the relatively limited application of PET as a pharmacokinetic tool, the application of
PET imaging for the assessment of pharmacodynamics is essentially an area of
unlimited potential.

The topic of positron emission tomography studies of pharmacokinetics was
reviewed previously by Yamamoto and Diksic'"'. They examined the subject from
a pharmaceutical transport perspective. In contrast, this review will present
representative examples of the types of pharmacokinetic/dynamic issues that can

only be addressed, in vivo, by PET imaging.

“Imageable Biodistribution”: General Considerations

To the pharmacokineticist, the potential of having a labeled compound with
imaging capability represents the potential to actually “sec” the hypothesized drug
distribution. However, to bring this potential to reality, a number of criteria must
be met.

1. The chemical synthesis and quality control testing must be
completed within 2 to 3 half-lives of the nuclide. For [11C]
compounds, this time Limit is one hour. For [18F]-containing
compounds, this time limit can be as long as 5.5 hours.

2. The label must remain a part of the active moiety.

3. The pharmacokinetics of interest must be observable within 2 to
3 half-lives.

4. The region-of-interest (i.e., kinetic “compartment”) must be

larger than the resolution of the scanner (¢.g., 6 mm).
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When these criteria can be met, acquisition of information, essentially
unobtainable by other means, is possible. Examples of the pharmacokinetics of
[18F]fluconazole and [18F]fleroxacin were detailed by Babich and Callahan in
Volume V, Lesson 6. Drug delivery, biodistribution and kinetics of nasally-
administered triamcinolone acetonide (Nasacont®) and fluticasone propionate
(Flonase®) have been studied using the 11C and 18F-labeled drugs, respectively'”
13 1n addition, Searle has used whole-body PET images of the distribution of

[18F)lomefloxacin in advertising for their product, Maxaquin®.

CNS Pharmacokinetics/dynamics

Medically intractable epilepsy is a significant problem'*. Both
pharmacokinetic as well as pharmacodynamic explanations can be hypothesized as
causes of medically intractable conditions. Baron, et al.'"’ studied 10 subjects, 8
with intractable partial epilepsy and 2 non-epileptics, with [11C]phenytoin. Large
amounts of labeled phenytoin penetrated the brain nearly immediately with the early
images resembling cerebral blood flow maps. In the non-affected hemisphere, the
gray matter reached equilibrium within 20 minutes, but the white matter continued
to have a rising concentration, even after 60 minutes. The brain-blood
concentration ratios at 50 minutes were 1.37 and 1.06 for gray and white matter,
respectively. These values are similar to concentration ratios observed in tissue
samples acquired at surgery. There was no evidence that normal brain regions of
treatment-resistent epileptics bind phenytoin less effectively than non-epileptics.
Since brain and blood concentrations of [11C]phenytoin were well correlated, blood

- levels of phenytoin are reliable estimates of the brain concentrations of the drug.




Therefore, in the case of phenytoin, medical resistance to treatment is not
considered to be of a pharmacokinetic, but rather is of a pharmacodynamic origin.

The use of PET imaging in epilepsy has recently been reviewed by
Henry". Pharmacodynamically, the older anticonvulsant agents are known to
decrease global cerebral glucose metabolic rates (gMRGIc) as determined by FDG
imaging and cerebral blood flow as determined by [130O]water imaging'”’. The
degree of reduction in gMRGlc is similar to the side effect profile of the agents with
phenobarbital (37%)"** > valproate (22%)'" > phenytoin (13%)'* =
carbamazepine (12%)'*'%. The newer anticonvulsants have different mechanisms
of action (e.g., GABAminergic) and side effect profiles than the older agents. The
effect of these agents on global cerebral physiology has not been studied.

Route of Administration: LA. versus LV.

A critical objective of any treatment regimen, but especially for those
regimens involving highly toxic drugs such as cancer chemotherapeutic agents, is to
maximize the desired responses (i.e., therapeutic responses) while minimizing
undesirable responses (i.e., side effects and toxicological effects). One of the
choices which potentially influences this “therapeutic balancing act” is that of the
route of administration.

The "pharmacological advantage” (defined as the ratio of the integrated
tumor/brain count ratios) of I.A. (intra-arterial) versus LV. (intravenous)
administration of two cancer chemotherapeutic agents, cisplatin (DDP) and
carmustine (BCNU) has been evaluated for central nervous system tumors using

the [13N] and [11C] labeled derivatives, respectively'®*'®, The intracarotid

40




administration of cisplatin produced 1.1 to 2.5 times greater tumor/brain ratios than
did I.V. administration'®, Super-selective arterial administration (i.e.,
administration through the artery known to be the major tumor-feeding vessel) of
BCNU provided tumor-to-normal brain ratios of 50:1, whereas, LV. administration
provided ratios of only 1.2:1'%, Furthermore, ratios of tumor [11C] radioactivity
concentrations between the LA, and LV. routes ranged from 2.5 t0 99 (n = 10).
The two highest ratios were associated with the patients demonstrating the most
dramatic responses, and the lowest ratios were associated with individuals
experiencing essentially no therapeutic response.

Similar investigations have been undertaken to evaluate the regional
administration of 5-fluorouracil (FU) in the treatment of metastatic liver disease'™
128 Examination of the short- and long-term uptake of 5-{18F]fluorouracil into
metastatic lesions after LV. and LA. administration demonstrated that enhanced
drug exposure through regional administration was only one of the factors involved
in determining potential responsiveness to therapy. For FU, preferential perfusion
must also be accompanied by high tumor cell transport and metabolism. Therefore,
delivery of the therapeutic agent, in this case FU, to the tumor is a necessary but not
a sufficient predictor of response*21®_ The sources of error in [18F]5FU

pharmacokinetic analyses were evaluated by Harte, et al."".

Receptor Binding and Occupancy

Dopamine-D, Receptors: Pharmacokinetic/dynamic investigations rely
heavily on drug concentration levels measured in accessible body fluids such as

serum, plasma, whole blood, saliva, and/or urine. The use of these measures is




predicated on the assumption that the concentrations in these fluids reflect the
concentration at the site of action. Whenever the response pattern mirrors the
concentration pattern in the measured fluid, this assumption is reinforced.
Whenever an inconsistent relationship is exhibited, the assumption is in question
and a more direct measure is necessary.

The antipsychotic effect of neuroleptic drugs is believed to be due to the
ability of these agents to block central dopamine receptors™®*'®, Unfortunately,
plasma levels of neuroleptic agents are known to be imperfect predictors of
response’**'*, Therefore, studies utilizing PET imaging have taken a more direct
approach to the examination of the issues surrounding neuroleptic treatment.
Specifically, three issues have been examined with respect to dopamine~-Dy
receptors and neuroleptic therapy™¥1%; .

1. 'What degree of receptor blockade is induced by clinically-
administered dosages of various neuroleptic agents?

2. What is the time-course of receptor occupancy and plasma levels
upon neuroleptic withdrawal?

3. Do responders and non-responders differ in neuroleptic-induced
receptor blockade?

Using [ Clraclopride, Farde, et al.” studied central dopamine-D; receptor

occupancy in 14 schizophrenic patients who had received a single antipsychotic
drug, at conventional dosages, for at least one month. Receptor occupancy ranged
from 65 to 84% for all agents. In comparison, a single patient receiving
nortriptyline experienced no receptor occupancy. The authors concluded that,

although all 11 neuroleptics were chemically distinct entities, at typical dosage
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levels each induced a 65 to 85% occupancy of central dopamine-D» receptors, thus
supporting the proposed mechanism of antipsychotic drug action. In addition, the
single patient in the study experiencing extrapyramidal side effects (i.e, akathisia),
had the highest receptor occupancy at 86% on a dosage of haloperidol of 6 mg BID.
After reduction of the dosage to 4 mg BID, the side effects disappeared, but the
receptor occupancy remained at 84%. The authors hypothesized that the
antipsychotic action may require a lower receptor occupancy than for the
development of extrapyramidal effects or that the two effects may be mediated by
different receptor mechanisms.

Farde® extended this work to look at both dopamine-D; as well as
dopamine-D; binding by examining medicated patients with both [ 1Clraclopride
and the selective Dy antagonist, [11C]SCH23390. Classical neuroleptic agents in
conventional doses had dopamine-D3 receptor occupancy of 70 - 80% and did not
exhibit any dopamine-D; occupancy. Patients experiencing extra-pyramidal
symptoms (EPS) had higher dopamine-D; receptor occupancies than those without
side effects leading to the conclusion that EPS are related to dopamine-D2
occupancy. Atypical neuroleptics (e.g., clozapine) had dopamine-D7 occupancy of
38 to 63% and dopamine-D; occupancy of 36 - 52%.

Smith et al.'*® utilized an indirect approach to examine the relationship
between N-[18F]methylspiroperidol (13F-NMSP) uptake in the striatum and plasma
level in normal subjects and schizophrenic patients treated with either haloperidol or
chlorpromazine. The authors found a decrease in affinity of the [18F]-NMSP for
striatal tissues in the drug-treated schizophrenic patients as compared to the
unmedicated control subjects with the magnitude of this decrease directly related to




the antipsychotic drug dose (relative to the clinical potencies of the agents) and
plasma level. The ratio index, a measure of receptor occupancy, approached that
observed in normal subjects upon withdrawal of the antipsychotic agent. A log-
linear relationship was observed between the ratio index (y) and haloperidol plasma
levels (x):

y = 1.974 ¢-0.082x 2 = (.7482.

Utilizing a more direct approach, Farde et al.” examined the serial receptor
occupancy versus serum drug level upon drug withdrawal in three of the patients
described above. In patients treated with sulpiride (600 mg BID) and haloperidol (6
mg BID), the receptor occupancy remained essentially unchanged at approximately
65% and 85%, respectively, after 27 and 54 hours of wash-out, even though the
serum drug levels had declined to approximately 25% of initial levels. The third
patient underwent step-wise dosage reduction from sulpiride 800 mg BID to 0
mg/day. The receptor occupancy exhibited a curvilinear relationship to total daily
dose whereas the serum level exhibited a linear relationship. The authors concluded
that the hyperbolic nature of the occupancy curve explained why major changes in
drug concentration resulted in only minor changes in the receptor occupancy.
Furthermore, they stated that PET imaging may be a method by which minimum
individual dosages may be defined which provide adequate receptor occupancy for
antipsychotic effects but minimize the potential for adverse effects.

Although the above studies support the concept of a receptor occupancy —
response relationship, additional factors may be involved in schizophrenic response
to antipsychotic therapy. Wolkin, et al.'*’ examined the dopamine-D; blockade

using [18F]-NMSP in two biological subgroups of schizophrenics, responders and
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non-responders, treated with a maximum of 100 mg/day of haloperidol (minimum
plasma level = 10 ng/mL) for four to six weeks. Comparable levels of haloperidol-
induced receptor blockade were found between responders and non-responders.
The authors concluded, therefore, that non-response to therapy may not necessarily
be caused by inadequate levels of drug in the central nervous system. Instead,
responders and non-responders may potentially differ in the pathophysiology of the
schizophrenic symptoms and not in the pharmacokinetics of antipsychotic drug

disposition.

Mu-opiate receptors: The mu-opiate receptor system has been
investigated with the opiate agonist, [!!Clcarfentanil**'®. Just as with the
neuroleptic agents, similar questions regarding degree of receptor blockade and the
time-course of occupancy versus plasma levels can be examined with PET.
Naltrexone, an orally administered opiate receptor antagonist is utilized in the
treatment of narcotic dependency states. Based on [L1C]carfentanil ime-activity
curves, the mean percentage blockade of the mu-opiate receptors at 48,72, 120,
and 168 hours post-administration of 50 mg naltrexone was 91, 80, 46 and 30%,
respectively’'. Although naltrexone and its major active metabolite, beta-naltrexol,
have apparent plasma half-lives of approximately four and twelve hours,
respectively, the effective half-life of receptor occupancy was estimated to be 72 to
108 hours. Thus, the half-time for return to baseline opiate receptor occupancy
corresponded more élosely with the estimated half-life of the tertiary, terminal phase

of the plasma-time activity curve (i.e, 96 hours) and the time-course for inhibition
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of the physiologic and subjective effects of heroin (i.e., 72 hours)"*"** than it did

with apparent plasma half-lives.

Toxicodynamics: Alcohol

Alcohol is a drug with a significant potential for toxic effects. Volkow, et
al."*1* have studied the toxicokinetic/dynamic effects of alcohol in normal subjects
(i.e., social drinkers) and in alcoholics with PET imaging. The effects of low (0.5
gm/kg) and moderate (1 gm/kg) alcohol dosages on cerebral blood flow in normal
subjects were investigated with [150]water'®. Scans were performed at baseline
and at 40 and 60 minutes post-alcohol ingestion. The results of these scans were
compared to blood alcohol levels, subjective measures of intoxication, and scores

on a fine motor coordination examination. Although there were no changes in heart .

rate or blood pressure, subjective measures of intoxication (i.e., "relaxing effect”,
increased talkativeness, euphoria) started at approximately 20 minutes and peaked at
50 minutes post-administration. All of the subjects experienced impairments in fine
motor coordination at the moderate dosage level. After alcohol consumption, a
significant relative reduction in blood flow to the cerebellum occurred with a relative
increase in blood flow to the prefrontal and the right temporal cortices. The largest
effects were recorded at the 60 minute scan when the blood alcohol levels were the
highest (i.e., low: X =0.044 mg%, moderate: X =0.087 mg%). The decreases
in blood flow to the cerebellum were consistent with the observed disturbances in
fine motor coordination. The increased blood flow to the prefrontal and temporal
cortices was believed to be related to the observed general mood activation. The
authors concluded that the sensitivity of the cerebellar blood flow to the effects of
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alcohol could possibly explain the high incidence of ataxia during alcohol
intoxication. Furthermore, the cerebral vasoactive response to alcohol could pose a
possible explanation for the higher incidence of stroke in "binge" drinkers.

The effect of moderate dosages (1 gm/kg) of alcohol on regional brain
glucose transport and metabolism was studied in normal subjects and in alcoholics
using FDG'%, Although there were no significant effects on pCO2, pO2, or plasma
glucose concentrations, the alcohol administration resulted in a significant reduction
in brain regional metabolism in cortical areas and cercbellum with relative sparing of
the basal ganglia and corpus callosum. The pattern of decreased metabolism
reflected the known distribution of benzodiazepine receptors. Examination of the
kinetic parameters revealed that the decreased metabolism stemmed from an
alteration in k3 (phosphorylation rate) and not from alterations in either k; or k
(transport into and out of the brain, respectively). The alcoholic patients
experienced a greater decrease in the brain glucose metabolic rate than that
experienced by the normal subjects. The authors hypothesized that this finding may
be the result of an increased sensitivity of the benzodiazepine/GABA receptor

complex in chronic alcoholics.

Influence of Enantiomeric Forms

Drugs that possess an asymmetric carbon atom exist in enantiomeric forms.
If the asymmetric carbon is located in a critical area of the molecule (i.e., functional
site), the enantiomeric form will influence the corresponding process (e.g.,
transport, metabolism, receptor binding)'¥®. All processes that depend solely on the

chemical nature of the molecule (e.g., passive diffusion) are believed to remain
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unchanged. Natural products generally exist in the active enantiomeric form only.
Synthetic products, on the other hand, generally exist as racemic mixtures, unless
specifically purified.

The enantiomeric form of radiopharmaceuticals is important in PET
imaging. Inactive enantiomers have played a role in the characterization of non-
specific binding in PET receptor--binding studies™*°. Their use is predicated on the
assumption that all dispositional factors are identical between the enantiomeric
forms, with the exception of the specific binding component. In some cases,
however, various dispositional processes may be influenced by enantiomeric form.
The examples of PET imaging in the study of the disposition of nicotine and
cocaine, both natural products and potent central nervous system stimulants, are
presented below.

Nicotine. The unnatural (+)-(R-) and the natural (~)-(L-) forms of

nicotine, labeled with [11C], have been utilized to visualize nicotinic receptors in the
brain*'*, After LV. administration to humans, the [11C] activity peaked in the
arterial plasma at 2 minutes and in the brain at 4 - 6 minutes. Plasma levels did not
differ between the (+) and (-) forms within individuals, but the steady-state plasma
levels did differ between smokers and non-smokers (i.¢., slightly higher for
smokers). By the end of the imaging period (i.e., 54 minutes), 25% of the (+)
form had been metabolized to [11C]cotinine, whereas only 15% of the (-) form
appeared as the metabolite. Recent studies indicate that this metabolite does not
cross the blood-brain barrier'*. In the brain, the regional distributions of activity
resulting from the administration of the (+) and (—) enantiomers were similar, with

highest accumulations recorded in the cortical and subcortical regions, and the
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Jowest in the pons, cerebellum, occipital cortex and white matter of centrum
semiovale. Distributional differences were observed between smokers and
nonsmokers. The (+) form exhibited a lower peak and a slower decline in activity
during the time-course of the study than did the (-) form. The authors
hypothesized that these differences were due to different binding profiles of the
enantiomers to the nicotinic receptors, and not a complete lack of affinity to the
receptor by the unnatural enantiomer.

Cocaine: [!11C]Cocaine has been utilized to map the cocaine binding sites
in the human brain™, After LV. administration, [11C] activity peaked in the brain,
specifically the corpus striatum, between 4 - 10 minutes and then declined with a
ti/2 of 25 minutes. This pattern paralleled the time-course of cocaine-induced
euphoria. In an effort to characterize the non-specific binding, the inactive (+)
enantiomer was labeled with [11C], but when administered, resulted in no visible
brain uptake'®. Since the transport of cocaine into the brain is not believed to be
stereoselective, alternative explanations were sought. It was found that by 30
seconds post-administration, plasma levels of the (+)cocaine were undetectable. In
vitro work found that the (+)cocaine was hydrolyzed primarily to (+)ecgonine
methyl ester by butyrylcholinesterase. This enzyme metabolizes the (+) form 2,000
times faster than the (-) form of cocaine. Therefore, the difference in metabolism
appears to be a major factor for the distribution differences observed between the

enantiomeric forms of cocaine,
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Conclusion _

It has been the purpose of this review to acquaint the reader with the
uniquely productive relationship between pharmacokinetics and PET imaging. The
former provides the necessary tools for image quantitation in the latter; and the
latter provides non-invasive, in vivo distributional information necessary to
address some of the difficult questions confronting investigators in the former.
PET imaging has developed into both a tool for and an application of clinical
pharmacokinetics/dynamics in the 1990s and beyond.
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