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Abstract

This invited mini-review briefly summarizes procedures and challenges of measuring receptor occupancy with
positron emission tomography. Instead of describing the detailed analytic procedures of in vivo ligand-receptor
imaging, the authors provide a pragmatic approach, along with personal perspectives, for conducting positron
emission tomography imaging for receptor occupancy, and systematically elucidate the mathematics of receptor
occupancy calculations in practical ways that can be understood with elementary algebra. The authors also share
insights regarding positron emission tomography imaging for receptor occupancy to facilitate applications for the
development of drugs targeting receptors in the central nervous system.

Keywords: positron emission tomography, receptor imaging, receptor occupancy, drug development, central

nervous system

INTRODUCTION

The interaction of a receptor and its ligand is highly
selective and this specific interaction is the primary
mechanism of drug activity within the central nervous
system (CNS). The relationship between drug dose
level and the percentage of receptor occupancy [O(%)]
achieved is a measure critical to the development of
a CNS drug candidate, regardless of whether it is an
agonist or a competitive antagonist. Receptor imag-
ing with a radiolabeled ligand using position emission
tomography (PET) is a powerful technique that can be
used to non-invasively measure receptor occupancy
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in humans. Without the need to radiolabel the drug
itself, receptor occupancy studies using PET imag-
ing can answer critical questions, such as whether the
drug has entered the brain, engaged its target receptor,
and whether the dose level achieves sufficient recep-
tor occupancy level for desired effects at an adequate
therapeutic index.

However, receptor occupancy calculation methods
published in the scientific and medical literature are
often too general to provide operational guidance, or
overstated with confusing mathematic manipulations,
which tend to scare away general researchers. We
herein intend to introduce a pragmatic overview for
receptor occupancy measurements and simplified cal-
culations.

PET TECHNOLOGY

Positron emission tomography stands for position
emission tomography (PET). Positrons are the anti-
particles of electrons that are emitted from the nucleus
of some cyclotron-generated radionuclides. When a



70 Zhang Y et al. / Journal of Biomedical Research, 2012, 26(2): 69—-76

positron-emitting radionuclide decays, a positron
(positively-charged electron) is emitted from the nu-
cleus and almost immediately collides with a nearby
orbital electron. After the collision and subsequent
annihilation, two 511 keV gamma ray photons are
produced emitting 180° apart from each other. This
emission can be detected by a PET scanner with an
array of coincidence detectors. When a positron-emit-
ting radionuclide labeled compound is introduced into
the body as a tracer (or a radioligand to a receptor),
the tracer reports back from the body as the emis-
sion signal to indicate the location of the labeled com-
pound. PET imaging uses these signals to reconstruct
the tracer’s in vivo distribution as three dimensional
tomography (tomo- in Greek means slice) (Fig. 1).

In theory, PET can track in vivo movement and
distribution of any molecules as long as the molecule
can be radiolabeled by a positron-emitting radionu-
clide such as ''C (T,;, = 20 min) and 3 (T, =110
min). After introduction into the body, most often
intravenously, the tracer is subjected to distribution,
accumulation to target tissue, metabolism and clear-
ance. Selective target accumulation reflects the spe-
cific molecular interaction of the tracer and its target.
A dynamic PET imaging study can, if needed, track
the distribution of a positron-labeled compound at any
body region over time and provide tissue pharmacoki-

SJUIAQ DUIPIUIO))

511 keV

Fig. 1 The principles of positron annihilation
and positron emission tomography.

netics as time-activity curves. For neuroreceptor im-
aging, PET imaging focuses on the brain, and in this
case, the tracer is a radiolabeled ligand.

Design of PET receptor occupancy studies

The calculation of receptor occupancy [O(%)] is
based on the measured reduction of the specific tracer
uptake from the baseline due to the occupancy of re-
ceptor binding sites by a given dose of the drug under
investigation. To achieve this, two PET scans are per-
formed on each subject in the sequence of: baseline
PET (before drug administration) followed by post-
drug PET (after drug administration) (Fig. 2).
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Fig. 2 Design of receptor occupancy studies using positron emission tomography imaging to

evaluate a test drug.
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In a baseline PET imaging, only the radioligand
is given to measure selective uptake and accumula-
tion into receptor-rich regions of the brain. Followed
by administration of the test drug, the tracer is given
again and a second PET scan is then performed as the
post-drug PET. Reduction of radioligand uptake in the
post-drug PET in comparison to the baseline PET is
used to determine receptor occupancy [O (%)]. Each
pair of baseline PET-post-drug PET scans will provide
one [O (%)] value.

To obtain a comprehensive picture of the receptor
occupancy of a test drug, it is advisable to plan at least
4 cohorts of subjects. Each cohort of at least three
subjects represents one dose level, which is escalated
within the maximum tolerated dose obtained during
phase 1 dose-escalation clinical studies (Fig. 2). When
individual [O (%)] values are plotted against corre-
sponding drug dose levels or plasma concentrations of
the test drug, a receptor occupancy curve can be gen-
erated (Fig. 3).

Calculations of receptor occupancy [O (%)]

The formula used for the calculation of receptor
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Fig. 3 The receptor occupancy curve reveals the re-
lationship of the receptor occupancy [O %] levels and
the required test drug plasma concentrations [Cp] ex-
pressed in linear (A) and log scale (B).

occupancy [0 (%)] is quite simple as shown'":

baseline BP— post-drug BP
baseline BP

0 (%) = X100 (1)
Where BP is the binding potential of the receptor and
its ligand.

From the equation (1), the task of receptor occu-
pancy imaging is to obtain the binding potential val-
ues of PET imaging, before and after administration
of the test drug. Because the measurement of binding
potential is not straightforward, it will be helpful to
provide a more detailed explanation for better under-
standing of binding potential.

Binding potential

Binding potential is introduced for PET imaging,
based on in vitro radioligand binding experiments, as
a pivotal measure to calculate the receptor occupancy
in vivo™”. Binding potential is a combined measure
describing the ultimate binding force of a receptor to
its ligand, denoted as the product of maximum density
of a neuroreceptor (B,,,,) and the affinity of a specific
ligand to its receptor (i.e. binding potential = B,,,, -
affinity). As some receptors are occupied by endog-
enous ligands, the B, here denotes the available re-
ceptor density. Because affinity of ligand binding is
the inverse of K, (radioligand equilibrium dissociation
constant), the binding potential is expressed as bind-
ing potential = B,./Kp".

The following section describes how binding poten-
tial in PET receptor imaging is derived from in vitro
radioligand binding.

By the law of mass action, the concentrations of
receptor-bound ligand ([B]) have the following rela-
tionship when at equilibrium with the concentrations
of free ligand ([F]):

Bmax -[F]

18] = Ko+ [F]

A saturation curve can be generated by plotting
concentrations of receptor-bound radioligand ([B])
against the increasing concentrations of free radiolig-
and ([F]) (Fig. 4A4). By nonlinear regression fitting, the
B,..x and K;, can be obtained, with K}, representing the
concentration of free ligand when 2 B, is reached.
However, in the days before nonlinear regression pro-
grams were widely available, the data needed to be
transformed into a linear form for analysis by linear
regression. The most popular method to linearize
binding data is to create a Scatchard plot (Fig. 4B) that
is expressed by the linear equation:

B max
Ko

[BI/[F] = —é-[BH
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In this plot, the X-axis represents specific binding,
bound, or [B]. The Y-axis represents specific binding
divided by free radioligand concentration, i.e. Bound/
Free, or [B]/[F].

From this equation, at very low radioligand con-
centrations, there will be very limited receptor bind-
ing, i.e. when X =[B] =0

Brmax
Y=/[B]/[F] =——=BP
Kb
Therefore, the binding potential is the Bound/Free

ratio ([B]/[F]) when the ligand is at a very low con-
centration.

A
Bmax
=)
B
BP = Bmax/ KD
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)
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Fig. 4 Receptor-binding assay expressed as non-lin-
ear curve fitting (A) and transformed into linear re-
gression as Scatchard plot (B) for binding parameter
estimation.

In vivo PET studies utilize tracer technology with
very low concentration of radioligand, occupying only
a small fraction of the available receptors (i.e. Bound
— (). Therefore, without the luxury of conducting a
study with increasing concentrations of radioligand to
generate a Scatchard plot, for obtaining binding po-
tential by B,,,./Kp, PET imaging can directly measure
the binding potential value as Bound/Free, the ratio of
specifically bound ligand concentration (Cg) to free
ligand concentration (Cp):

Binding potential =B,/ K, = Cy / Ci

The goal or the challenge of PET receptor imaging
is to measure the binding potential or the ratio of Cg
over C; in the target region, i.e. the receptor-rich re-
gion.

However, it is almost impossible to distinguish Cy
and Cp within the same region in vivo. Thus, an im-
portant assumption needs to be introduced, that, at
equilibrium, the free ligand concentration in tissue (Cg)
equals the ligand concentration in plasma (Cp), when
a radioligand is transported into brain tissue freely by
passive diffusion™".

Binding potential =B, / Ky =C3 / Cp, = C / Cp

The C; can be measured directly from arterial blood
samples.

The following section of this review will focus on
how PET imaging answers the challenge of obtaining
binding potential or Cy noninvasively with a single
imaging.

PET procedure for receptor occupancy [O(%)]

The PET procedure for receptor occupancy [O (%)]
estimation is much more complex than PET imag-
ing for diagnosis of disease. It will be helpful to sum-
marize the procedures of these kinds of experiments
for new researchers to better design and conduct their
own PET imaging studies.

Preparation of positron-labeled radioligand

A radioligand or tracer is prepared by labeling a
compound with a position-emitter. The tracer usu-
ally has been well validated. Otherwise, an extensive
validation is required for a novel tracer. The latter al-
ways has an in-depth description of the chemistry and
radiochemistry of preparation and quality control to
ensure the injectability for human use. The precursor
of the tracer is rarely selected from screening. Instead,
it usually comes from one of the drug candidates pos-
sessing the selective targeting properties that can be
used as radioligand for PET imaging with a reasonable
target over non-target contrast. Detailed attributes of
a PET ligand can be found elsewhere'”. The subjects
used for this kind of study are healthy human volun-
teers or patients, and sometimes non-human primates
are used for early stage drug development.

Tracer dosing and PET image acquisition

The tracer is typically administered intravenously.
Tracers are most commonly delivered as bolus, but
sometimes are dosed as bolus followed by continuous
infusion. The manner of administration depends on the
kinetics of the tracer and its interaction with the recep-
tor. Subjects are placed on the PET imaging bed in the
supine position with his/her head extending into the
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detector ring of PET scanner. The images are taken
with pre-determined acquisition parameters. Raw PET
imaging data are acquired in list-mode format, record-
ing the annihilation events during the radioactivity
decay from the positron-nuclide attached to the tracer.
When a dynamic PET scan is performed, PET data are
acquired from the time of injection to the time when
all the important changes in tracer kinetics have been
observed.

Meanwhile, serial arterial blood samples are often
collected to measure the parental tracer plasma con-
centration after metabolite correction, to generate an
arterial blood curve as input function for kinetic mod-
eling.

The post-drug PET scan should be conducted with
the identical acquisition parameters to those used for
the baseline PET scan, with the only difference being
test drug administration (Fig. 2).

PET image data processing

PET image data processing is the most skill-
dependent task in PET clinical applications. Con-
tinuously acquired raw data need to be framed into
multiple static images at various time intervals and
transformed into sinograms. After reconstruction,
these framed, sequential images reflect the spatial dis-
tribution of the tracer over time as a series of quanti-
tative volumetric images. By defining certain regions
of interest (ROI), radioactivity concentration in any
given region can be measured on all image frames. By
plotting the radioactivity within the ROI against time,
the regional kinetics, or tissue pharmacokinetics, can
be measured, generating what is called a time-activity
curve.

PET compartments

As mentioned above, the receptor occupancy [O(%)]
calculation needs binding potential values of baseline
PET and post-drug PET. Therefore, the majority of
the effort for PET image analysis is spent obtaining
binding potential values, either directly, or by binding
potential = Cg/C,.

To facilitate analysis, the tracer behavior in vivo
is divided into virtual compartments. For PET brain
imaging, only two sets of measures are available for
extraction. One is the arterial plasma, obtained by
measuring the tracer concentrations with the collected
arterial blood samples as in conventional pharmacoki-
netics. The other is the "PET Brain Compartment" as
shown in Fig. 54, which equals the total radioactivity
concentration in brain tissue (C;) at time t expressed
as Cpgr (1) or Crgsu (t). Crgsug 18 the average concen-
tration of a tracer that can be measured directly within

a given ROI in the units of micro-curie per cubic cen-
timeter (LCi/cm®). Cygsup in an image acquired be-
tween the interval of t, and t, can also be mathemati-
cally expressed as:

t
Crssue = Inz Crer(t)dt

In any brain region, Crgug 1S measured as the
summed concentrations of free (Cg), non-specific
bound (Cys) and specific bound (Cy), i.e.

Crissue (1) = Cp (1) + Cys (1) + C (1)

Because the free and non-specific bound compart-
ments can be regarded as a whole when the two com-
partments can equilibrate rapidly"”, the above equation
can be written as:

Crissue (1) = Cruns (1) + Cy (1) o1
Cr= Crns + Cp and
Cp=Cr— Crups

In this situation, only the specific bound (Cy) com-
partment is replaceable by a test drug, and the com-
bined compartment Cp,ys is ubiquitous all over the
brain, and cannot be reduced by a competitive drug,
shown as non-replaceable in Fig. 5A.

When the test drug is administered to compete with
the receptor binding during the post-drug PET scan,
only the specific bound fraction can be displaced
(occupancy), and the sum of Cy and Cyg remain un-
changed as the non-displaceable fraction (Fig. 5B).
In some cases, there may be regions in the brain that
are devoid of the target receptor (in which, Cy = 0).
This area can be used as reference, and its concentra-
tion [Cy] equals the non-replaceable fraction, i.e, Cy =
Cr.ns (Fig. 5C).

Binding potential calculation by modeling

From PET compartments shown in Fig. 54, a tracer
in the arterial plasma penetrates blood brain barrier
freely into PET compartment, within which some exist
as free ligand, some bound specifically to its receptor,
and some bound non-specifically. The tracer exchange
is freely between these compartments until equilib-
rium is reached, and the movement and binding rates
are linearly related to the difference in tracer concen-
trations of the two adjacent compartments as shown in
the following differential equations'"
dCrys(D/dt = K;Cp(t) = (ks + k) Crons(t) + k,Cy(1)
dCy(t)/dt = k;Crns(t) — k,Cy(1)

Herein, K, is the transportation rate, or the per-
fusion, as mL/(min-g); while k,, k; and k, are rate
constants of the tracer as 1/min at time t (min).

At this stage, the readers can be easily misled into
obtaining steady state Cy value by solving the above
differential equations. In reality, the equilibrium is not
easy to reach or identify. Therefore, instead of obtain-
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ing Cj, the binding potential can be calculated directly
as a combination of the kinetic parameters as "macro
parameter” as:

K1k3 [5]

Binding potential = or Binding potential

2ka f

_Kiks g or obtained as simply Binding potential
koka

_ kg
ka

In this case, f, is the free fraction of tracer in the
plasma'”. With the metabolite-corrected plasma time-
activity curve as input function, the kinetic parameters
(K, k,, ks, and k,) of the receptor-rich areas can be
derived by analyzing tissue time-activity curves with
non-linear regression using Levenberg-Marquart least-
squares minimization procedure that can be imple-
mented in MATLAB (The Math Works) or PMOD
(PMOD Technologies) software packages™”.

The compartmental modeling with arterial blood
as input function is the most reliable and the clas—

sic method used in PET studies. It is especially use-
ful in some cases, when there is no region devoid
of the receptor available as reference region, either
because the receptor has a disseminated brain dis-
tribution, or because the receptor is without well-
characterization.

Binding potential calculation by reference re-
gion and mod-ified binding potential (BP')

With reference region(s) available as in Fig. 5, three
additional methods are available for measuring binding
potential. The distribution volume (DV) ratio method
for the calculation of a modified binding potential (BP'):
BP' = (DV,-DV,)/DVy = DV,/DV, -1"".

DV is defined as the ratio of the tracer concentra-
tion in tissue to that in plasma at equilibrium, reflect-
ing that the tracer is being concentrated in the tissue.
DV.(= C{/Cp) and DVy(= C/C;) are values of dis-
tribution volume of the tracer in the target and in the
reference region, respectively. By kinetic modeling,
both DV and DVy can be obtained without identify-
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ing equilibrium, by using graphical analysis of the
ratios of tissue concentrations and plasma concentra-
tions to extrapolate the observed data"”. When an
apparent steady state can be identified as "late-scan",
a simplified DV can be obtained by using the tissue
tracer concentration obtained from a single static scan
divided by the corresponding plasma parental tracer
concentration'"’.

A more attractive approach for obtaining binding
potential is the simplified reference tissue model"*""'.
Simplified reference tissue model uses time-activity
curves of reference tissue to provide input function
to the kinetic model. The advantage of the simplified
reference tissue model is clear: no arterial cannula-
tion and sampling are required, reducing the degree of
invasiveness and the level of complexity of the PET
study as a whole.

The most desirable method for calculating binding
potential is using the tissue ratio method to calculate
the PB as specific uptake ratio at pseudo-equilibrium
period:

Specific uptake ratio = (C;— Co)/C™ = Cr/Cr — 1

The specific uptake ratio method can also be math-
ematically derived from the distribution volume ratio
method”. With DV; = C4/Cy and DV, = Ci/Cy, the
equation binding potential’ = (DV— DVy)/DVy =
DV./DVg —1 can be converted to modified binding
potential (BP")= [(C/Cp) — (Cp/Cp))/(Cx/Cp) = C/Cy —
1.

With modified binding potential (BP”) or specific
uptake ratio, based on formula (1), a more practica-
ble method is generated for calculation receptor occu-
pancy [0(%)]"":

baseline[Cr]/[Cr]—post-drug[Cr]/[Cr]
baseline[Cr]/[Cr] -1

O(%)= X100 (2)

Evidently, the tissue ratio method is the simplest
approach for obtaining binding potential because
this method obviates the arterial blood sampling
and avoids dynamic scan over a long acquisition
time. Only a static image is required at a time frame
where the specific uptake ratio, or the tissue ratio
C./Cy remains stable, i.e. taking the image during a
pseudo-equilibrium interval". The specific uptake
ratio method is more often reported in studies with
long half-life tracers, which can reach a stable and
relatively long pseudo-equilibrium interval with sin-
gle radioligand injection"*"". For a new tracer, it will
be wise to validate the specific uptake ratio against
kinetic compartmental modeling in the first few sub-
jects to identify the pseudo-equilibrium interval.

In general, the binding potential measurement in
receptor occupancy studies is not as stringent as that

in the standalone brain receptor imaging. The bias in
the binding potential measurement can be cancelled
off during receptor occupancy calculation provided
the other parameters contributing to the binding po-
tential (e.g. K, or f}) do not change after the test drug
administration'”.

Receptor occupancy and drug dosing

The significance and value of receptor occupancy
studies can be summarized into three tiers. Firstly,
without wasting effort and time to label a drug can-
didate, we learn whether the test drug can penetrate
the human blood-brain barrier. Secondly, superior to
imaging the radiolabeled drug itself, receptor occu-
pancy studies can tell whether the test drug has bound
to its target-by-target engagement. Lastly, and most
importantly, the receptor occupancy curve provides a
direct quantitative measurement of the level of target
engagement of the test drug at a given dose level. This
will provide a great bridge for the parmacokinetics/
pharmacodynamics relationship, connecting drug dose
and drug efficacy. For example, when there is no ef-
ficacious benefit observed, the receptor occupancy
curve can help determine whether the dose has not
been pushed high enough to reach a certain occupancy
level, or if receptor binding is simply not an effective
target for the disease.

CONCLUSION

Receptor occupancy with PET imaging is a power-
ful and robust tool for establishing the pivotal rela-
tionship between dose and pharmacological outcomes.
By measuring the change in the binding potential re-
duced by a competitive test drug, receptor occupancy
measurement should be an essential component of
CNS drug development. However, these applications
have been hindered by the confusion of nomenclature,
the complexity of PB measurements, and receptor
occupancy calculations'”’. We intend here to make it
clear that obtaining the value of binding potential is
key to receptor occupancy measurements. The binding
potential can be measured by direct modeling using
plasma tracer concentration as arterial input, or as an
approximate value of binding potential’ or as specific
uptake ratio, when a reference region devoid of target
receptor is available and a pseudo-equilibrium inter-
val can be identified. All of these calculations can be
conducted using elementary algebra, and all equations
written in calculus are simply descriptions of math-
ematical language.

Acknowledgements

The authors acknowledge their employer, Abbott



76

Zhang Y et al. / Journal of Biomedical Research, 2012, 26(2): 69—-76

Laboratories, for the liberty of preparing and submit-
ting this manuscript.

References

[1]

(2]

(31

[4]

[5]

[6]

[71

Passchier J, Gee A, Willemsen A, Vaalburg W, van
Waarde A. Measuring drug-related receptor occupancy
with position emission tomography. Methods 2002; 27:
278-80.

Mintun MA, Raichle ME, Kilbourn MR, Wooten GF,
Welch MJ. A quantitative model for the in vivo assess-
ment of drug binding sites with PET. Ann Neurol 1984;
15: 217-27.

Laruelle M, Slifstein M, Huang Y. PET: imaging and
quantification of neurotransporter availability. Methods
2002; 27: 287-99.

Heiss WD, Herholz KI. Brain receptor imaging. J Nucl
Med 2006; 47: 302-12.

Ichise M, Meyer JH, Yonekura Y. An introduction to PET
and SPECT neuroreceptor quantification models. J Nucl
Med 2001; 42: 755-63.

Watabe H, Ikoma Y, Kimura Y, Naganawa M, Shidahara
M. PET kinetic analysis—compartmental model. Ann
Nucl Med 2006; 20: 533-8.

Innis RB, Cunningham VJ, Delforge J, Fujita M, Gjedde
A, Gunn RN, e al. Consensus nomenclature for in vivo
imaging of reversibly binding radioligands. J Cereb
Blood Flow Metab 2007; 27; 1533-9.

(8l

(9]

[10]

(11]

[12]

[13]

(14]

Fujimura Y, Ikoma Y, Yasuno F, Suhara T, Ota M, Mat-
sumoto R, et al. Quantitative analyses of 18F-FED-
AA1106 binding to peripheral benzodiazepine receptors
in living human brain. J Nucl Med 2006; 47: 43-50.
Laruelle M, Abi-Dargham A, al-Tikriti MS, Baldwin RM,
Zea-Ponce Y, Zoghbi SS, et al. SPECT quantification of
[123I]iomazenil binding to benzodiazepine receptors in
nonhuman primates: II. Equilibrium analysis of constant
infusion experiments and correlation with in vitro pa-
rameters. J Cereb Blood Flow Metab 1994; 14: 453-65.
Zhou Y, Ye W, Brasi¢ JR, Wong DF. Multi-graphical
analysis of dynamic PET. Neuroimage 2010;49:2947-57.
Mitkovski S, Villemagne VL, Novakovic KE, OKeefe G,
Tochon-Danguy H, Mulligan RS, ez al. Simplified quanti-
fication of nicotinic receptors with 2[18F]F-A-85380 PET.
Nucl Med Biol 2005; 32: 585-91.

Lammertsma AA, Hume SP. Simplified Reference Tis-
sue Model for PET Receptor Studies. Neurolmage 1996;
4:153-8.

Catafau AM, Danus M, Bullich S, Llop J, Perich J,
Cunningham V], et al. Characterization of the SPECT
5-HT2A receptor ligand 1231-R91150 in healthy volun-
teers: Part 1--pseudoequilibrium interval and quantifica-
tion methods. J Nucl Med 2006; 47: 919-28.

Yang BH, Wang SJ, Chou YH, Su TP, Chen SP, Lee JS,
et al. Evaluation of reference tissue model and tissue
ratio method for 5-HTT using [(123)[] ADAM tracer.
Comput Methods Programs Biomed 2008; 92: 294-8.

RECEIVE IMMEDIATE NOTIFICATION FOR EARLY
RELEASE ARTICLES PUBLISHED ONLINE

To be notified by e-mail when Journal early release articles are
published online, sign up at JBR-pub.org.




