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ABSTRACT

Purpose To evaluate the potential usage of D, receptor occu-
pancy (D2RO) measured by positron emission tomography
(PET) in antipsychotic development.

Methods In this randomized, parallel group study, eight
healthy male volunteers received oral doses of 0.5 (n=3), |
(n=2), or 3 mg (n=3) of haloperidol once daily for 7 days.
PET’s were scanned before haloperidol, and on days 8, 12,
with serial pharmacokinetic sampling on day 7. Pharmacokinet-
ics and binding potential to D, receptor in putamen and cau-
date nucleus over time were analyzed using NONMEM, and
simulations for the profiles of D2RO over time on various
regimens of haloperidol were conducted to find the optimal
dosing regimens.

Results One compartment model with a saturable binding
compartment, and inhibitory E . model in the effect compart-
ment best described the data. Plasma haloperidol concentra-
tions at half-maximal inhibition were 0.791 and 0.650 ng/ml, in
putamen and caudate nucleus. Simulation suggested haloperidol
2 mg every |12 his near the optimal dose.

Conclusion This study showed that sparse D2RO measure-
ments in steady state pharmacodynamic design after multiple
dosing could reveal the possibility of treatment effect of D,
antagonist, and could identify the potential optimal doses for
later clinical studies by modeling and simulation.
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ABBREVIATIONS

BCrnax maximum binding capacity

CT computerized tomography

D, receptor  dopamine receptor D,

EPS extrapyramidal syndromes

GCP good clinical practice

ICH international conference on harmonization
guidance

MRI magnetic resonance imaging

PD pharmacodynamic

PET positron emission tomography

PK pharmacokinetic

Kassoc association rate constant

Kgissoc dissociation rate constant

INTRODUCTION

The process for developing a new drug is expensive, time-
consuming, and uncertain with high attrition rates. Much
effort is being made to accelerate the process while reducing

H.-S. Lim - Y.-H. Noh * S.-J. Jin

Department of Clinical Pharmacology and Therapeutics
Ulsan University College of Medicine, Asan Medical Center
Pungnap-2-dong

Seoul, Republic of Korea

S.J. Kim-B. C. Lee - H. S. Park - S. E. Kim (BX)

Department of Nuclear Medicine Seoul National University
Bundang Hospital, Seoul National University College of Medicine
300 Gumi-dong, Bundang-gu

Seongnam 463-707, Republic of Korea

e-mail: kse@snu.ac.kr

S. Kim
Clinical Trial Center, Asan Medical Center
Seoul, Republic of Korea

l.-]. Jang

Department of Clinical Pharmacology and Therapeutics
Seoul National University College of Medicine and Hospital
Seoul, Republic of Korea

@ Springer



684

Lim et al.

the attrition rates. In this process, earlier and more correct
characterization of a candidate drug and prediction based on
this information of the future under various scenarios are very
important, as consequently, many pivotal decisions could be
made more reliably in earlier phases. Biomarkers reflecting
the mechanism of action of a drug are receiving attention as a
key bridge linking these early observations of the drug and the
clinical outcomes in later stage of drug development. Appli-
cation of imaging biomarkers using positron emission tomog-
raphy (PET) in drug development has been rising rapidly since
late 1980’s with almost 400 papers from 2010 alone (1,2). PET
enables us to test the biodistribution of a new chemical entity
to the target tissue in high concentrations enough to be phar-
maceutically active, and quantify the relationship between the
concentration of a new chemical entity and its interaction with
the target of interest. The concentration-receptor occupancy
relationship could be much informative in identifying and
guiding optimal doses if its association with the pharmacolog-
ical effect of the new entity is known.

The model-based drug development is a novel paradigm
proposed to make the drug development processes efficient,
and has been increasingly used (3,4). US FDA and EMEA
have been fueling these approaches (5,6) in whole clinical
development stages of a drug.

In CNS research which uses the imaging biomarker most
actively in drug development process, the term ‘proof of
mechanism’ is frequently used (7). Generally, the term
‘proof of mechanism’ in new drug development is used
when a novel drug candidiate is shown to act following its
proposed mechanism in human body. Most often, the proof
of mechanism is shown by using mechanism based biomark-
er, and this tells us that the probability of the existence of
drug effect 1s relatively high. Pharmacokinetic (PK)/phar-
macodynamic (PD) mixed effect modeling and Monte-Carlo
simulation are also the important methods in drug develop-
ment, and are widely applied to characterize candidate
drugs quantitatively and predict effect and safety outcomes
for various scenarios in the drug development process.

Striatal dopamine (Ds) receptor blockade plays a pivotal role
in the therapeutic effects of many antipsychotics, including
atypical antipsychotics with relatively lower affinity to the Dy
receptor (8). Brain imaging modalities such as PET permit the
observation of i viwo receptor binding activity in humans. Dy
receptor occupancy is important in that it reflects the mecha-
nism of action of Dy antagonists in the human body. The
positive slope in the relationship between dose and D, receptor
occupancy can be regarded as strong evidence that a drug acts
by its mechanism of action in humans (9). The relationship
between D, receptor occupancy and the treatment effect or
extrapyramidal syndromes (EPS) induced by antipsychotics is
well established. For most antipsychotics including haloperidol,
a therapeutic window of 65% — 80% or 70% — 80% has
been proposed, as occupancy exceeding 80% is associated
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with EPS, whereas that exceeding 65 or 70% results in a
therapeutic effect (10). This information could be used as a
guide for finding optimal dosing regimens of newly devel-
oped antipsychotics in early stages of the development
process, and the dosing regimens could be adopted in later
stages of development.

Radiolabeling of drugs with positron-emitting radionu-
clides of [''C] or [''F] is the most commonly used one in
measurement of the engagement of therapeutic targets by
drug candidates (7). ['"F] fallypride is one of the currently
available PET radiotracer that can reliably provide quantita-
tive measures of Dy receptor binding in both striatum and
extrastriatal brain regions in the same scanning session be-
cause ['°F] fallypride scanning sessions can be extended for a
longer duration than for [''C] labeled radioligands (11,12).
While [''C] raclopride has fast i vivo kinetics and moderate
viwo affinity for dopamine Dy, receptors, due to its relatively low
signal to noise ratio, it can provide a measure of Dy receptor
availabilty only in the striatum, where the receptor density is
high. Although ['F] fallypride has slow kinetics in the stria-
tum, its high affinity and signal-to-noise ratio together with
relatively long physical half-life make it possible to reliably
measure Dy receptor availability both in the striatum and
extrastriatal regions with lower receptor density (11).

Haloperidol is a prototypical compound of the butyrophe-
none class that has been widely used in the treatment of schizo-
phrenia, mania, and other psychiatric disorders (13).
Haloperidol has a narrow therapeutic window and exhibits
large mter-individual PK variation (14). The PK of haloperidol
1s reported to be affected by many factors in a complex manner
(15). Oral haloperidol is absorbed well with absolute bioavail-
ability from 60% to 70%. Average tmax and elimination half-
life values showed wide variance among studies from 1.7 to 6.1 h
and 14.5 to 36.7 h. Haloperidol is extensively metabolized in
liver, and the free fraction in human plasmais 7.5 to 11.6% (16).

The current receptor occupancy study was designed to
evaluate the possibility of using Dy receptor occupancy
measurements in humans via PET imaging using ['°F] fall-
ypride and modeling and simulation analysis in early clinical
stages of the antipsychotic drug development process by
using haloperidol as a model drug.

METHODS
Subjects

All the enrolled subjects were healthy male Korean volun-
teers aged 19 to 45 years, who weighed 57.0 to 89.9 kg and
were within 20% of ideal body weight (kg) which was cal-
culated as (height in cm—100)x0.9. All the subjects were
deemed eligible for the study when they met all of the
inclusion and exclusion criteria. None of the subjects had
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significant cardiac, hepatic, renal, pulmonary, neurologic,
gastrointestinal, or hematologic disorders, as determined by
medical history, physical examination. None of the subjects
had a history of alcohol or drug abuse and none of the
subjects had a history of allergic or adverse response to
haloperidol or any related drug.

This study was conducted in Seoul National University
Bundang Hospital, Seongnam, Republic of Korea, and
Asan Medical Center, Seoul, Republic of Korea after ap-
proval by institutional review board of each institute. This
study was conducted in accordance with the principles of the
declaration of Helsinki and revisions and the international
conference on harmonization guidance for good clinical
practice (ICH GCP). All the subjects gave written informed
consent before enrollment. This clinical study is registered
on-line at ClinicalTrials.gov (registration number:

NCT01193621).

Study Design

This was a multiple dosing, open, parallel, group study. 0.5,
1, or 3 mg of haloperidol was administered orally once a day
for 7 days to 3, 2, and 3 subjects in each dose group,
respectively (N=8). Alcohol, intense physical activity, and
smoking were not allowed during the study. PET for Do-
receptor occupancy was scanned using ['°F] fallypride with
following schedule based on the beginning time of PET scan
for 2 h; Prior to the first haloperidol administration (base-
line, day 0), and 24 h (day 8), 120 h (day 12) after the last
(7th) haloperidol administration. For PK analysis, blood was
scheduled to be drawn (6 ml, each) prior to the haloperidol
administration (day 1 0 h), and 6 h (1 day 6 h), 24 h (2 day
0 h), 48 h (3 day O h), 96 h (5 day O h), 144 h (7 day O h)
relative to the first drug administration on day 1, and, 0.5, 1,
2,4,6,8,12,24h (8 day O h), 48 h (9 day O h), 72 h (10 day
0 h), 168 h (14 day) after taking the last oral dose of
haloperidol on day 7 (Fig. 1). All the blood samples were
centrifuged for 10 min at 1,200 g at 4°C immediately after

Fig. I Overall schedule of the OhBh 24h  48h

study. | il R

collection from the study subjects. Plasma samples were trans-
ferred to cryovial tubes and stored at —70°C until assay.

Synthesis of ['2F] Fallypride

The details of the procedures for synthesis of ['*F]fall-
ypride have been reported (17). Briefly, a fully automat-
ed synthesis of ['®F]fallypride was carried out by
fluorine-18 and tosyl-fallypride using our newly devel-
oped synthetic method. ['®F]Fallypride was obtained
with a high radiochemical yield of 68% (decay-cor-
rected) and specific activity of approximately 140-
192 GBg/pmol at the time of injection.

PET Scan Procedure

A PET scan with ["®F]fallypride (0.1 mCi/kg) bolus injec-
tion was performed using PET/CT (computerized tomog-
raphy) scanners (GE Discovery VCT) in 3-dimensional
mode with resolutions of 4.87 mm (radial), 5.84 mm
(tangential), and 4.4 mm (axial) at 1 cm offset from the
center of the field of view (18).

Two dynamic PET scans were performed for a total of
3 h: first session for 80 min (20 sX3, I minX3, 2 minX 3,
4 minx5, and 5 minx10) and second session for 70 min
(10 minx7). Subjects were permitted to leave the scanner
for 30 min between the two sessions. Before each PET scan,
low-dose helical C'T was obtained for attenuation correc-
tion. PET frames were realigned to a first 30 min averaged
PET image to generate a motion-corrected dynamic image.
1.5T T1-weighted MRI (magnetic resonance imaging) scans
of the brain were obtained at a separate time for the purpose
of anatomical co-registration. Region of interests (putamen,
caudate, cerebellum) were drawn on MRI. Individual MR
(magnetic resonance) image was co-registered to the PET
space to extract time-activity curves using PMOD 3.13
software (PMOD Technologies, Zurich, Switzerland).

96h Tday 0h,0.5,1,2,4,6,8,12,24 48,72h 14day
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J, Blood sampling for plasma haloperidol concentrations: before (1 day Oh) and 6, 24h (2
day Oh), 48h (2 day Oh), 96h (5 day Oh), 144h (7 day Oh) relative to the first drug
administration on day 1, and, 0.5, 1, 2, 4, 6, 8, 12, 24h (8 day Oh), 48h (9 day Oh), 72h
(10 day Oh) after the last oral dose of haloperidol on day 7.

-

Multiple oral administrations of haloperidol once a day from day 1 through day 7.

? PET scans for D2-receptor occupancy: prior to the first haloperidol administration
(baseline, day 0), and day 8, day 12.
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D, Receptor Occupancy Measurement

PET outcome measure was binding potential (BP), which is
a measure of the capacity of a brain region for specific
binding of radioligand and is equivalent to the ratio of B, .«
(density of available binding sites) to Kp (affinity of the
radioligand for available binding sites) (19).

BP for each region was calculated using the simplified
reference tissue model using cerebellum as a reference region
(20). Receptor occupancy after haloperidol treatment was
defined as percent reduction of BP relative to the individual
baseline BP estimates (= 100 X (BPguwine — BP) / BPpageiine )-

Measurement of Plasma Haloperidol

The plasma haloperidol concentrations were determined
using high-performance liquid chromatography (Symbio-
sis™, Spark Holland Instruments, Emmen, The Nether-
lands) with tandem mass spectrometry (API 4000;
ABSciex, Inc., Foster City, CA) after sample preparation
by liquid-liquid extraction (21). In brief, samples were re-
moved from the freezer and allowed to thaw at room
temperature (25°C). A total of 200 pl of the thawed plasma
sample was mixed with 10 pl internal standard (flecainide,
10 ng/ml) for 10 s. Two milliliters of ethyl ether were added
to the mixture and then mixed for 1 min and centrifuged at
3500 g for 15 min. The upper layer was transferred into a
culture tube (Pyrex culture tube, 12X75 mm) and evapo-
rated to dryness under a speed vac (45°C, 40 min). The dry
residue was reconstituted in 50 pl mobile phase and centri-
fuged at 16,853 rpm (4°C, 40 min). The upper layer was
transferred into auto-injection vial for analysis by liquid
chromatography-tandem mass spectrometry (LC-MS-MS).
The lower limit of quantification was 0.05 ng/ml. The
calibration curve was linear over the range of 0.05~
50.0 ng/ml, with the coefficients of determination (R?) of
0.9986~0.9989. The intra- and inter-assay precision levels
were determined for four quality control concentrations of
haloperidol, 0.05, 0.2, 2, and 40 ng/ml. The coefficients of
variation of the intra- and inter-assay precision were 3.78 ~
19.38% and 1.07~10.39%, respectively. The accuracy val-
ues of the intra- and inter-assay were 92.3~114.64%, and
92.07~102.37%, respectively.

Pharmacokinetic and Pharmacodynamic Analysis
of Haloperidol

The PK and PD of haloperidol were analyzed with nonlin-
ear mixed effects modeling using NONMEM (version VII.
level 2, ICON Development Solutions, Dublin, Ireland) in
conjunction with a gfortran compiler. First-order condition-
al estimation (FOCE) method with interaction was used for
the fitting.
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Various PK compartment models with or without non-
linear kinetic components were tried to fit the
concentration-time data. Dy receptor BP data in putamen
and caudate nucleus, the main action sites of haloperidol,
was modeled subsequently using the individual PK param-
eter estimates from the final PK model. Effect compartment
was introduced in the PD model in order to link plasma
haloperidol concentration with the Dy receptor BP change
by haloperidol.

Unexplained inter-individual random variability was
modeled with a log-normal model as follows.

Po= Pyl

where P; 1s the parameter value of the ith individual, Py 1s
the typical population value for fixed effect parameter, and
7 1s a random variable with a mean of 0 and a variance of
. Inter-individual random variability is represented as ?,
the variance of # in the log domain.

Model evaluation and selection were based on both
graphical and statistical methods. Together with basic
goodness of fit plot, predictive checks were performed
by simulating 1,000 replications and then comparing the
simulated prediction intervals with the original data. R
(version 2.14.1; R Foundation for Statistical Computing,
Vienna, Austria) software was used for the graphical
model diagnosis. Log likelihood ratio test was used to
discriminate between hierarchical models. A P-value of
0.05, representing a decrease in objective function value
(OFV) of 3.84 points, was considered statistically signif-
icant (chi-square distribution, degree of freedom=1,
which was applied to all the parameters in the model
including fixed effect parameters and those for inter-
individual variations of the fixed effect parameters.

Monte-Carlo Simulation for D, Receptor Occupancy

To investigate the relationship between steady state
plasma concentration of haloperidol and D, receptor
occupancy, Monte-Carlo simulation was conducted us-
ing the PD model for BP. Size of unexplained inter-
individual variability, and residual error of the model
output were used as source of variability for the simu-
lation under the assumption of normal distribution with
0 mean. The simulation result is displayed in Fig. 5,
together with 90% prediction intervals for steady state
plasma concentration on haloperidol 1 mg or 3 mg,
every 24 h.

Another Monte-Carlo simulation was conducted in
order to investigate the optimal dosing regimen of hal-
operidol by predicting the Dy receptor occupancy
changes over time on various dosing regimens of halo-

peridol (0.5, 1, 2, or 3 mg every 12 h or 24 h) using



Exploration of Optimal Dosing Regimens of D2 antagonist

687

Table I D, Receptor Occupancy on 24 h' After the 7th Dosing of Once a Day Administration of Haloperidol by Doses

Organ Dose (mg) AUC7gay (ng*h/ml) D2RO (%) No. of subjects
Putamen 0.5 5.6 (38.6) [5.1 (49.1) 3
| 16.5 (14.9) 35.7 (30.0) 2
55.1 (20.8) 46.3 (27.4) 3
Caudate Nucleus 0.5 5.6 (38.6) 17.3(39.9) 3
| 16.5 (14.9) 39.6 31.7) 2
3 55.1 (20.8) 52.4 (25.6) 3

Mean (coefficient of variation in %) values are presented

AUC74q, Interval area under the concentration time curve from day 7 0 h through day 8 O h; D2RO D, receptor occupancy; SD standard deviation

T 24 his scheduled time, and actual times of the PET measurement are not exactly same with the scheduled time

the final PK and PD models built in this study. In this
simulation, size of unexplained inter-individual variabil-
ity, and residual error of the PD model output were
used as source of random variables for the simulation
under the assumption of normal distribution with mean
of zero.

All the simulation was conducted using NONMEM,
and Dy receptor occupancy (%) at each time point
was calculated from simulated BP values as following
equation.

RO(%) = 100 x (EO — BP)/E0

where RO is Dy receptor occupancy, BP is simulated
BP, and E0 is the basecline BP of each subject.

RESULTS

The average, observed Dy receptor occupancies (%), and
24-hour interval area under the concentration time curve on
day 7 after the 7th haloperidol administration of the multi-
ple once a day were shown by each dose in Table I. D,
receptor occupancies by haloperidol increased by the doses
administered.

Pharmacokinetics of Haloperidol

The plasma concentration of haloperidol was best described
by a one-compartment model with a saturable binding
compartment, a sequential zero- and first-order absorption

Oral Dose

4

Zero order input

Depot
A(1)

A 4

1% order absorption

KﬁlSSOC

Saturable

Kassor (BCrax-A(3))

Central
A(3) < A2)

Kas
""""""""""" Effect
i Kaz=Kea A(4)
dC,
7 =Ko x(c-¢,)
EJTJBX X CE
=

Fig. 2 Diagram for pharmacokinetic-pharmacodynamic model in this study. Abbreviations: k, elimination rate constant; kussc, association constant; Kyssoc,
dissociation constants for haloperidol and receptor binding; BCpa., maximum binding capacity; A(l), haloperidol amount in Depot compartment; A(2),
haloperidol amount in central compartment; A(3), haloperidol amount in the binding compartment; A(4), haloperidol amount in effect compartment;
Negligible amount of drugs enter the effect compartment (small k,4); The rate of equilibration is determined by keo; Ce, haloperidol concentration in effect
compartment; E(t), effect at time t; E.a, maximal effect; ECsg, Ce at half-maximal effect.
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with time lag in the beginning of absorption, and a propor-
tional error (Fig. 2). A linear one- or two-compartment model
with oral absorption did not predict the high concentrations of
haloperidol around peak plasma concentrations well, as severe
under-predictions were observed. The addition of a compart-
ment in the model, the transfer to which is described to be
saturable, significantly improved the fit (-546.510 versus -
694.132 in OFV), and corrected the under-prediction of the
higher concentrations substantially as follows:

1{23 = Kasm * (chax - A(3))
K32 = K.dixsoc

where ko3 and k3o are the rate constants from the central
compartment to the binding compartment and from the
binding compartment to the central compartment,

Concentration, ng/ml
Concentration, ng/mi

1 3 47 9 13 1 4 9 13 17
Time, day

Time, day

Concentration, ng/ml
Concentration, ng/ml

1 3 4 7 9 11
Time, day

1 3 4 7 8 11
Time, day

Haloperidol 0.5 mg cnce a day for 7 days

90 Prediction Interval
L —— Median

PR 1

Plasma Concentration, ng/m
s e

Plasma Concentration, ngimi

23 4 8 B T &8 B W oW oUW OB W ToW vz o3 a4 s o8 78

Time, day

Haloperidel 1 mg onece a day for 7 days

Time, day

respectively, £y, and £y, are the association and dissociation
constants for haloperidol and receptor binding, respectively,
BC,,, 1s the maximum binding capacity in a binding com-
partment, and A(3) 1s the amount of haloperidol in the binding
compartment.

PK data were analyzed using the NONMEM subroutine
ADVANG6. Observed plasma concentrations versus model-
predicted concentrations over time and the predictive check
plots by doses reveal that the PK model predicts the ob-
served concentrations well (Fig. 3). The predictive check
plots of the model are also shown in Fig. 3. n-Shrinkage
was less than 14.1%, and e-shrinkage was 10%. Estimates of
the fixed effect PK parameters and the size of the unex-
plained inter-individual variability of some fixed effect
parameters are summarized in Table II.

15 05}
E E 04}
2 2
> 1.0 F i
= =
2 ) 2
[} [<f
g 05 g
= =
Q Q
[&] Q
0.0 g g g he @ B i i i -
13479 13 1 3 4 7 9
Time, day Time, day
04
E E gl
o o
£ =
c =
2 2 4t
il &
r= )
8 3
= -
<] G
(&) &]
1 3 4 7 9 M 1 3 4 7 9

Time, day Time, day

Haloperidol 3 mg once a day for 7 days

80 Prediction Interval
—— Median

90 Prediction Interval
— Median

Plasma Concentration, ngim|

R L T T N U LR Tz 3 4 5 & 71 L I T )

R
Time, day

Fig. 3 Observed plasma haloperidol concentrations versus model-predicted haloperidol concentrations and visual predictive check plots for the haloperidol
pharmacokinetic model. "TEmpty blue dircles are the observed haloperidol concentrations. Red solid lines and crosses are the population predictions of
haloperidol concentrations. Black dashed lines and triangles are the individual predictions of haloperidol concentrations. TSolid circles are the observed
haloperidol concentrations.
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Table Il Pharmacokinetic Parameter Estimates for Multiple Haloperidol
Dosing in Eight Healthy Male Subjects

Parameter Estimate RSE (%) 95% Cl

Ka, I/ .17 9.1 0.96~1.38
DI, h 3.08 58.1 -0.08~1.26
ALAGI, h 0.866 1.0 0.679~1.053
Ve/F L 153 43.6 22~284
IMyer (CV %) .75 (218.1) 36.9 0.49~3.0I
BC o Mg 6.18 20.7 3.67~8.69
[Vemax (CV %) 0.146 (49.2) 49.2 0.005~0.287
Kassoc, /N 579 12.1 442~7.16
Kaissoe/h 0.431 8.3 0.361 ~0.501
CLE Lh 75 8.7 62~88
IVeLr (CV %) 0.0353 (19.0) 323 0.0130~0.0576
£ (proportional) 0.235" 20.9 0.087~0.209

RSE relative standard error (standard error divided by the parameter
estimate); IIV inter-individual variability; Ka absorption rate constant; D/
duration of zero-order absorption; ALAG| absorption lag time; V./F central
volume of distribution divided by bioavailability; BC,ux maximum binding
capacity in a binding compartment; K, association rate constant; Kgissoc
dissociation rate constant; CL/F clearance divided by bioavailability; F
bioavailability

& (proportional) represents the coefficient of variation

Pharmacokinetic-Pharmacodynamic Analysis
of Haloperidol

A simple inhibitory E .. model in the effect compartment
with an additive residual error model was the best model for
the relationship between plasma haloperidol concentrations

and Dy receptor BP in both the putamen and caudate
nucleus. The parameter for the unexplained inter-
individual variability of the fixed effect parameter was
allowed only for the baseline BP in this dataset. The plasma
haloperidol concentrations at half-maximal inhibition of Dy
receptor binding were 0.791 ng/ml in the putamen and
0.650 ng/ml in the caudate nucleus. The distributional
half-lives of the effect compartment, which reflects the
temporal dissociation (hysteresis) between the plasma
concentration of haloperidol and Dy receptor binding,
as calculated from ke0 (elimination rate constant from
the effect compartment to the central compartment)
were 3.25 and 3.32 h in the putamen and caudate
nucleus, respectively. The analysis results are summa-
rized in Table III.

Predictive check plots for Dy BP and Dy receptor occu-
pancy, which was calculated from the BP, are shown in
Fig. 4. n-Shrinkage and e-shrinkage were 16.2% and
10.8% for the putamen and 7.0% and 13.5% for the cau-
date nucleus, respectively.

Monte-Carlo Simulation for the D, Receptor
Occupancy on Haloperidol

The predicted relationship between Dy receptor occupancy
and steady-state plasma concentrations in the range of 0—
5 ng/ml, which encompasses the once-daily administration
of 1 or 3 mg of haloperidol, is displayed in Fig. 5. This result
reveals a clear increment of Dy receptor occupancy with
increasing haloperidol doses in the range of 0.5-3 mg in
both the putamen and caudate nucleus. The plots of the

Table Il Pharmacodynamic Parameter Estimates for the Relationship Between Plasma Haloperidol Concentrations and D, Binding Potential for Multiple

Haloperidol Dosing in Eight Healthy Male Subjects

Organ Parameter Estimate RSE (%) 95% Cl
PUTAMEN Eo 26.9 3.0 25.3-28.5
IVgo (CV %) 0.00341 (5.84) 55.4 -0.00029-0.0071 |
Cso, ng/mL 0.791 1.9 0.606-0.976
GAM | - -
Keo, 1/ 0213 13.5 0.157-0.269
£ (additive) 1.862 10.4 1.48-2.24
CAUDATE Eo 22.9 3.9 21.2-24.6
IVgo (CV %) 0.00693 (8.33) 70.9 -0.00269-0.01655
Cso, ng/mL 0.650 1.6 0.502-0.798
GAM | - -
Keoo 1/ 0.209 0.9 0.205-0.213
€ (additive) 0.159 9.5 1.29-1.89

RSE relative standard error (standard error divided by the parameter estimate); /IV inter-individual variability; Eq baseline binding potential; Csg concentration
at half-maximal inhibition; GAM Hill coefficient, fixed to |; K. elimination rate constant from effect compartment to central compartment

T & (additive) represents the standard deviation
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Monte-Carlo simulation for the changes in Dy receptor
occupancy over time using the PK/PD model for various
dosing regimens of haloperidol facilitated the selection of
the optimal dosing regimens by comparing the median and
prediction interval with the suggested therapeutic target
range of Dy receptor occupancy (10). Example plots for
the changes of Dy receptor occupancy over time together
with corresponding plasma concentrations for various dos-
ing regimens of haloperidol predicted by the PK-PD model
are shown in Fig. 6. As an example, the median and 90%
prediction interval for the Dy receptor occupancy of halo-
peridol 3 mg every 24 h or 2 mg every 12 h were demon-
strated to be similar to the therapeutic target window of Dy
receptor occupancy.

DISCUSSION

In this study, a PET scan was conducted only three times in
each subject. After baseline PET scan, PET scan was con-
ducted on day 8 after multiple dosing until day 7, where we
assumed steady state PD; that is, an equilibrium in average
amount of haloperidol across putamen, or caudate nucleus
in the brain and the plasma already had been reached on
day 8. Thus, we expected to observe more clear differences
in Dy BP, hence Dy receptor occupancy among the dose
groups of haloperidol even with sparse PET scans per

subject. Another PET scan was performed around day 12,
which together with that on day 8 potentially provides
kinetic information on the temporal displacement between
plasma versus time and Dy receptor occupancy versus time,
probably due to the distributional non-equilibrium of halo-
peridol across the putamen or caudate nucleus in the brain
and the plasma. The temporal displacement was reflected in
the estimates for the distributional half-lives in the effect
compartments in the PK-PD model, and the distributional
half-lives were similar between the putamen and the cau-
date nucleus at 3.25 and 3.32 h, respectively. We can
estimate the onset of action of the drug from the half-life,
which could be useful in the treatment of psychosis.

The PK of haloperidol was not described by conven-
tional linear compartmental models. There was severe
under-prediction during absorption phase, early after
the drug administration. Although we increased the
PK compartments for the drug distribution, the under-
prediction has not been improved at all. Since we
measure the plasma drug concentration, if a drug has
significant limitation in distribution to peripheral tissues,
cither saturable binding or saturable transport, much
higher plasma concentrations than those predicted by
linear distributional PK model would be observed
around maximum plasma concentrations, earlier than
disposition phase. Paclitaxel is one example that shows
the saturable distribution to tissues (22).
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Fig. 4 Visual predictive check plots for the haloperidol pharmacokinetic-pharmacodynamic (D, binding potential and D receptor occupancy) models.
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Fig. 5 Relationship between model-predicted D, receptor occupancy and steady-state plasma haloperidol concentration. TMonte-Carlo simulation for the
relationship between concentration and D receptor occupancy was performed using the size of the unexplained inter-individual variability, standard errors
of fixed effect parameter estimates, and residual error from the E., model in this study as the sources of variability under the assumption of normal
distribution with a mean of zero. T190% prediction interval for the steady-state plasma concentration of haloperidol was obtained from the Monte-Carlo
simulation using the unexplained inter-individual variability and residual error as the sources of variability under the assumption of normal distribution with

mean of zero.

Although the final PK-PD model predicted the observed
values reasonably well in Fig. 4, there is a little under-
prediction in the D2RO. We tried other, more flexible
models with more parameters including sigmoid Emax
model, rather than simple Emax model, but the models
were not successful with our data.

In Fig. 5, model-predicted Dy receptor occupancy in-
creased as the plasma concentration of haloperidol in-
creased. This dose dependent Dy receptor occupancy
relationship could be regarded as strong evidence that Dy

antagonist exerts its effects according to its mechanism in
human @ vivo (8). This information could provide us the
possibility of the treatment effect of a novel Dy antagonist
under development in earlier phases, which would be useful
in making early go/no go decision. It was reported that Dy
receptor occupancy exceeding 65% or 70% was sufficient
for an antipsychotic effect, whereas occupancy exceeding
80% was associated with an increased risk of EPS (9,23),
which applies to most of the second-generation, ‘atypical’
antipsychotics, although there are some exceptions such as
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Fig. 6 Monte-Carlo simulation for plasma concentration and D, receptor occupancy for various dosing regimens of haloperidol.
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aripiprazole, which induces no EPS even at striatal Dy recep-
tor occupancy values exceeding 90% (24—26). This therapeu-
tic window may be useful in finding the dosing regimens of Dy
antagonists for optimal treatment. The relationship between
doses of antipsychotics and their striatal D2 receptor occupan-
cy has proven to be biomarker, critical in decision making in
the development of new psychotropic drugs (27). As shown in
Fig. 6, using the PK/PD model built in this study, Dy receptor
occupancy changes over time could be simulated for various
dosing regimens by considering the unexplained inter-
individual variation in a population and residual variability
of the model. In the examples of Fig. 6, haloperidol 2 mg every
12 h appears to be an optimal dosing regimen when we
compare the occupancy window and predicted Dy receptor
occupancy using both the median values and the 90% pre-
diction interval. For 24-hour interval regimens, the difference
between maximum and minimum occupancy is predicted to
be large, resulting in occupancy outside the target window for
alonger time at 24-hour dosing interval than 12-hour interval.
However, it is not known whether the size of the fluctuation in
Dy occupancy affects the treatment outcome or whether the
average Dy occupancy during multiple administrations of a
D, antagonist is more important. This issue should be eluci-
dated in future research. This simulation results are consistent
with the previously reported optimally effective haloperidol
doses of 50-100 mg every 4 weeks (28).

CONCLUSION

In this clinical study, we clearly demonstrated that haloperidol
acts according to its proposed mechanism of action by observ-
ing the increment of Dy receptor occupancy with increasing
doses of haloperidol in the range of 0.5-3 mg with relative
sparse PET imaging data (three scans per subject). Referencing
the suggested Dy receptor occupancy window of 65 or 70% to
80% for the optimal therapeutic outcome of Dy antagonists,
we showed that the optimal dosing regimens of haloperidol
could be suggested via extensive Monte-Carlo simulations. The
doses identified in this way correspond to the currently recom-
mended therapeutic dosing regimens of haloperidol. The
methodology applied in this study of the combined use of Dy
receptor occupancy and modeling/simulation may be applied
in earlier stages of the development of novel Dy receptor
antagonists in healthy subjects, making the development pro-
cess more cfficient with reduced attrition rates.
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