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Abstract

Receptor occupancy (RO) is a translational biomarker for assessing drug efficacy and safety.We aimed to apply a physiologically based pharmacokinetic
(PBPK) modeling approach to predict the brain dopamine D2 RO time profiles of antipsychotics. Clozapine and risperidone were modeled together
with their active metabolites, norclozapine and paliperidone, First, in PK-Sim a rat PBPK model was developed and optimized using literature plasma
PK data. Then, blood-brain barrier parameters including the expression and efflux transport kinetics of P-glycoprotein were optimized using literature
microdialysis data on brain extracellular fluid (brainECF), which were further adapted when translating the rat PBPK model into the human PBPK
model. Based on the simulated drug and metabolite concentrations in brainECF, drug-D2 receptor binding kinetics (association and dissociation rates)
were incorporated in MoBi to predict RO. From an extensive literature search, 32 plasma PK data sets (16 from rat and 16 from human studies) and
23 striatum RO data sets (13 from rat and 10 from human studies) were prepared and compared with the model predictions. The rat PBPK-RO model
adequately predicted the plasma concentrations of the parent drugs and metabolites and the RO levels. The human PBPK-RO model also captured
the plasma PK and RO levels despite the large interindividual and interstudy variability, although it tended to underestimate the plasma concentrations
and RO measured at late time points after risperidone dosing. The developed human PBPK-RO model was successfully applied to predict the plasma
PK and RO changes observed after risperidone dose reduction in a clinical trial in schizophrenic patients.
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From lead generation to clinical trials, the assessment
of in vivo target engagement plays an important role
in drug discovery and development.1,2 It serves as a
biomarker that reflects the portion of an endogenous
target that is bound to the drug at a specific drug
dose, which is determined together by the pharmacoki-
netics (PK) at the target site and drug-target binding
kinetics.3 More importantly, it allows the translation of
preclinical dose-efficacy findings to clinical settings. Its
translational value has been demonstrated for different
drug targets, ranging from G protein–coupled recep-
tors to ligand-gated ion channels and transporters.2

A well-known example is the dopamine D2 receptor
occupancy (RO) of antipsychotics. A therapeutic win-
dow of 60% to 80% D2 RO in striatum is preserved
across species, from rodents4,5 to human schizophrenic
patients, in which the desired antipsychotic effects
can be achieved without excessive extrapyramidal side
effects.6,7 Therefore, knowledge on RO can provide
guidance on achieving optimal outcomes in the phar-
macotherapy of antipsychotics.

Direct assessment of RO for receptors in the human
central nervous system (CNS) is challenging. Despite
the advancement of positron emission tomography and
single photon emission computed tomography, mea-
suring RO with imaging techniques remain resource

and logistically demanding. Another approach is to
indirectly estimate RO based on the drug concentration
at brain extracellular fluid (brainECF), which is the
driving force for RO for membrane receptors such
as D2 receptors, along with the drug’s affinity to the
receptor. Microdialysis is currently the only method
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that is able to measure PK in brainECF,8 but for
obvious ethical reasons it is seldom used in clinical
trials or in the routine clinical setting. Drug concen-
tration in the cerebrospinal fluid (CSF) can provide
an indication of brainECF concentrations, but it is
not always reliable due to the differences between
blood-brain barrier (BBB) and blood-CSF barrier, as
well as intrabrain distribution kinetics.9 Many drugs,
including some antipsychotics, are substrates of active
transporters such as P-glycoprotein (P-gp) that mod-
ulate drug transport across the BBB and blood-CSF
barrier.8,10 Consequently, the PK profile in brainECF
can be very different from that in plasma or CSF, and
prediction of CNS RO based on plasma PK might not
be accurate.

HumanCNSPKdata are not available inmost cases,
which makes a direct assessment of the relationship
between plasma PK and RO time profiles challenging.
Often, rats and mice are used for measuring in vivo
CNS RO during preclinical drug development. Since
both CNS PK and RO data can be collected from rats,
mathematical PK-RO models can first be constructed
and validated in rats, and subsequently be extrapolated
from rats to humans, particularly with the physio-
logically based PK (PBPK) approach. PBPK analysis
uses models that combine physiology, population and
drug characteristics to mechanistically describe the PK
and/or pharmacodynamic behaviors of a drug. PBPK
models are different from the empirical PKmodels, pri-
marily because they use more accurate representations
of the various body compartments. By adapting the
species-specific physiological parameters, the animal
PBPK model can be translated to a human PBPK
model. The aim of the present study is to establish
a PBPK-RO model that can predict D2 RO levels
of antipsychotics. Recently, an example of applying
PBPK-RO modeling to predict human CNS D2 RO
of antipsychotics is reported.11 Using the commercial
PBPK software GastroPlus, the predicted RO level of
quetiapine was comparable with data observed in a clin-
ical trial on healthy subjects.12 However, there is much
room for improvement. First, active drug transport
across the BBB was not incorporated, although in vivo
evidence from rat studies did indicate the involvement
of active transports for quetiapine.13,14 In fact, the
histamine H1 RO values in the cortex did not correlate
with the plasma quetiapine concentrations in humans,15

indicating the limitation of predicting CNS RO based
solely on plasma PK. Second, the contribution of active
metabolites to the RO level was not considered. Third,
translation from the animal PBPKmodel to the human
PBPK model was not reported. Fourth, the maximal
response and half maximal effective concentration val-
ues for RO prediction had to be estimated by the PBPK
model using prior RO data from another clinical trial.

Fifth, for validation of the predictive power of this
model only a single data set was used.

In the present study, to establish a PBPK-RO
model that could predict D2 RO of antipsychotics, 2
antipsychotics, clozapine and risperidone, were selected
because (1) they are efficacious16 and are commonly
used in patients with schizophrenic disorders,17

(2) they have different binding kinetics toward the D2
receptor,18 and (3) literature data on the plasma PK
and D2 RO are available in both rats and humans.
Furthermore, the parent drugs and their active
metabolites are all P-gp substrates.19 Our translational
approach was to first develop a rat PBPK-RO model
usingmultiple rat data sets and to subsequently develop
the human PBPK-RO model based on the rat model
with the use of multiple clinical trial data sets.

Methods
Software
Models and simulations were created with the aid of
the Computational Systems Biology Software Suite
that comprises the software tools PK-Sim (Version
6.2.2, Bayer Technology Services, Leverskusen, Ger-
many) and MoBi (Version 6.2.2, Bayer Technol-
ogy Services, Leverskusen, Germany). Moreover, the
PK-Sim Express Gene Expression Database (Ver-
sion 5.6.3, Bayer Technology Services, Leverskusen,
Germany) was used for the quantification of cy-
tochrome P450 (CYP) expression in the human PBPK
model. Data extraction from graphic information
was performed with WebPlotDigitizer (Version 3.8,
http://www.arohatgi.info/WebPlotDigitizer/app/). Data
analysis and visualization were performed with R Stu-
dio (Integrated Development for R. RStudio, Inc.,
Boston, Massachusetts).

PK-Sim is a PBPK software tool that allows whole-
body PBPK modeling for humans and the most com-
mon laboratory animals. MoBi is a systems biology
software tool that enables the user to explore and mod-
ify the model structure, mathematical equations, and
parameters underlying the PBPK models in PK-Sim.
Unless otherwise described, the default anatomic and
physiological parameters for rats and humans defined
in the software were used.

Workflow for Developing the PBPK Models and Model
Structure
The workflow for development of the rat and human
PBPK and PBPK-RO models is shown in Figure 1,
which will be elaborated in the following section. In
brief, PBPKmodels for the drugs and their metabolites
were first developed for rats and then translated to
humans. Subsequently, in these models the D2 recep-
tors in the brain were incorporated. These PBPK-RO
models were used to simulate the D2 RO levels after
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Figure 1. Workflow for developing the PBPK-RO models. IV, intravenous; RO, receptor occupancy; SC, subcutaneous.

clozapine or risperidone dosing. The physicochemical,
absorption, distribution, metabolism, elimination, and
D2 receptor–binding parameters used for the PBPK-
RO models are summarized in Table 1.

Schematic diagrams showing the model structures
in relation to the input parameters and the data sets
used to estimate these parameters for the parent drugs
and the metabolites are provided in Figures S1 (for
clozapine) and S2 (for risperidone).

Collection of Plasma PK and RODatasets From Literature
A digital database search was conducted in PubMed
and Google Scholar on literature and patents from
1950 to February 2017. Forward and backward citation
searching were performed to identify additional litera-
ture. Abstracts were primarily scanned for relevance
and, if appropriate, the full content was evaluated
further. Rat and human data regarding the 2 anti-
psychotics risperidone and clozapine and the 2 active
metabolites paliperidone (also known as 9-hydro-
xyrisperidone) and norclozapine (also known as
N-desmethylclozapine) were summarized, including
(1) in vivo plasma PK data, (2) in vivo D2 RO data in
striatum (caudate/putamen); (3) in vitro drug dissolu-
tion profiles; and (4) in vitro drug-protein interaction
parameters such as plasma protein binding, CYPmeta-
bolism kinetics, P-gp transport kinetics, and drug-D2
receptor–binding kinetics. PK and RO data from
subjects administered with themetabolite (paliperidone
or norclozapine) alone were also collected. The main
exclusion criteria were (1) formulations other than
the conventional intravenous (IV) and subcutaneous
dosage forms for rats and conventional IV and oral
dosage forms for humans; (2) data from anesthetized

rats, since anesthesia can cause dramatic changes in
the PK20,21 and RO time profile22; (3) data from special
patient populations (eg, pediatrics and elderly);
(4) publications that were not fully accessible;
(5) studies that did not report drug formulation,
administration route, or dose; and (6) studies providing
RO data without specifying the time at which the
measurements were performed with respect to the drug
administration. The details of each included study are
summarized in Tables S1 to S6.

Development of the PBPK Model for Rats
The rat PBPK models were developed using the Rat
Population module in PK-Sim. Experimentally deter-
mined physicochemical properties (such as log P and
pKa) of the drugs and the metabolites were used as
input. If such informationwas not available, then values
estimated from software programs were used.

Regarding the absorption, since subcutaneous ad-
ministration was not available in PK-Sim, together
with the fact that in most literature the exact site of
subcutaneous injection was not reported, drug admin-
istration into the muscle plasma compartment with a
first-order absorption rate into plasma was used as a
surrogate, and the corresponding absorption half-life
was estimated based on the in vivo data. All IV and
subcutaneous formulations were assumed to be fully
dissolved before administration.

Regarding the tissue distribution, the 5 methods
available in PK-Sim for the calculation of tissue-to-
plasma partition coefficient were compared in terms of
their accuracy in describing the observed plasma PK
after an IV bolus dose. The most accurate methods
were utilized for further simulations in both the rat and
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Table 1. Parameters Used for the Rat and Human PBPK Models

Parameters Units Clozapine Norclozapine Risperidone Paliperidone

Parameter shared by both the rat and human modelsa

Molecular weight g/mol 326.8 312.8 410.5 426.5
Log P 3.44100 3.07100 2.5101 2.4102

pKa1 3.69103 NA 3.11104 8.2102

pKa2 7.57103 NA 8.24104 NA
Vmax,pgp nmol/min/nmol 2.1119 27b 2.8619 15b (10c)
Km,pgp μM 5819 0.5b 12.419 12.4b

Kd,D2 nM 82105 (218.7818)d 165.9618 7.2418 6.1718

koff,D2 1/s 0.023105 (0.04218)d 0.04818 0.00518 0.00518

Rat model-specific parameters
fu,plasma 0.06126 0.1126 0.118102 0.285102

t1/2,absorption min 40 (87e)b 160b 15 (23e)b 15b

CLHepatic ml/min/kg 35 (100%f)b 30b 25 (4%f)b 10b

CLRenal ml/min/kg 10b 10b 15b 10b

Human model-specific parameters
fu,plasma 0.0540 0.09740 0.1106 0.226106

Dissolution time/shape Min 100/0.92b,g NA 10/0.92104,g NA
CLHepatic mL/min/kg NA 4.6b NA 1.04b

CLRenal mL/min/kg 0 0 0 1.04b

CYP1A2,Vmax pmol/min/pmol 4.4107 NA NA NA
CYP1A2,Km μM 18107 NA NA NA
CYP2D6,Vmax pmol/min/pmol NA NA 2.3108 NA
CYP2D6,Km μM NA NA 1.1108 NA
CYP3A4,Vmax pmol/min/pmol 5.4107 NA 15108 NA
CYP3A4,Km μM 304107 NA 61108 NA
CYP3A5,Vmax pmol/min/pmol NA NA 15108 NA
CYP3A5,Km μM NA NA 200108 NA

CLHepatic, total plasma clearance in liver; CLRenal, total plasma clearance in kidney; CYP, cytochrome P450; fu,plasma, fraction unbound in plasma; Kd,D2, affinity
(dissociation constant) at D2 receptor; koff,D2, dissociation rate at D2 receptor;Km,pgp, substrate concentration at which the transport rate is half of Vmax,pgp;NA,
not applicable; t1/2,absorption: absorption half-life after subcutaneous injection; Vmax,pgp: maximum rate of the P-gp mediated efflux transport at blood-brain barrier
administration.
aThe rat model and the human model used the same parameter values unless specified.
bValues were estimated in PK-Sim.
cVmax,pgp in the human model (10 nmol/min/nmol) was reduced to two-third of those in the rat model (15 nmol/min/nmol). Further explanations on the Vmax,pgp

and Km,pgp values are provided in Table S8.
dThe Kd,D2R and koff,D2R values, used in both the rat and human models, were provided by Sahlholm et al.18 The only exception was that for clozapine in the rat
model the values were provided by Kapur and Seeman105 instead, which had improved the model prediction.
eThe estimated t1/2,absorption values could adequately capture the subcutaneous PK profiles in all rat studies except for those in the Cremers et al26 and Culot
et al.27 For these two studies the absorption rate from the subcutaneous injection site was slower than the others and a higher t1/2,absorption value was needed to
adequately capture the observed plasma and brainECF PK profiles. Possibly, a distinct formulation and/or injection site was applied in these studies. Specifically,
20% cyclodextrin was used for the clozapine injection in Culot’s study, and the strong complexation between the drug and cyclodextrin could have slowed down
the absorption rate.109
fThe percentage indicates the portion of total plasma clearance in liver (CLHepatic) of the parent drug that generates the metabolite norclozapine and paliperidone.
gWeibull function, with dissolution time (50% dissolved) and a shape parameter as input, was used to simulate the dissolution of the oral tablet. The in vitro
dissolution profile from Saibi et al104 was used as the input for risperidone tablet. For clozapine, in vitro tablet dissolution rate was not reported and thus it was
estimated in PK-Sim.

human PBPK models, which were the Berezhkovskiy
method (a modification of the method proposed by
Poulin and Theil) for risperidone, paliperidone, and
norclozapine, and the Schmitt method (proposed by
Schmitt) for clozapine.23,24

Drug distribution from plasma to the brainECF is
determined by passive diffusion in conjunction with
active efflux transport from brain to plasma by P-gp at
the BBB. Passive diffusion parameters were calculated
by PK-Sim based on the compound’s physicochemical
properties, which were adopted without manual
modification. There was one identified citation on the

P-gp transport kinetics for clozapine, risperidone, and
verapamil (a well-characterized substrate for P-gp),
which were calculated from an in vitro adenosine
triphosphatase assay using Michaelis-Menten kinetics
(substrate concentration at which the transport rate
is half of maximum velocity [Km] and maximum
velocity [Vmax]).19 The concentration of P-gp at
BBB was estimated to be 4 μM in the rat PBPK
model using verapamil brainECF data from the rat
microdialysis study of Nagaya et al25 in combination
with verapamil’s P-gp transport kinetics. The certainty
of this P-gp concentration value was further confirmed
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by validation with additional rat brainECF data from
Nagaya et al25 (risperidone and paliperidone), Cremers
et al26 (clozapine, norclozpaine, risperidone), and Culot
et al27 (clozpaine and risperidone). For the human
PBPK model, this value was reduced from 4 μM to
1 μM, based on the approximately 4-fold difference in
P-gp expression at isolated brain microvessels between
rat (19.1 fmol/μg protein) and human (3.98-6.06
fmol/μg protein).28–30 This value was comparable to
the value calculated based on the P-gp concentration
measured in isolated human brain microvessels29,30

(which is 0.94-1.43μM, and the calculation is explained
in Table S7). Such approach of translating lower P-gp
level to lower BBB efflux is further supported by the
observation that while the P-gp level at the BBB of
cynomolgus monkeys is similar to that in humans,31

the in vivo brainECF-to-unbound plasma ratios of
risperidone and paliperidone in cynomolgus monkeys
were 3.9- and 4.8-fold higher than those in rats.32 For
the 2 metabolites norclozapine and paliperidone, since
information regarding P-gp transport kinetics was not
available, these parameters were optimized based on the
values of the parent compounds19 and rat brainECF
data.25,26 Details on the optimization of the Km and
Vmax values of the metabolites are provided in Table S8.

The eliminations the parent drugs and metabolites
were modeled by linear hepatic and renal clearance,
which were estimated by fitting the plasma PK data
observed after a single IV dose to the PBPKmodel. The
hepatic conversion of the parent drugs clozapine and
risperidone into the specific metabolites, norclozapine
and paliperidone respectively, was also estimated using
the observed IV data. Simulations of plasma PK time
profile by the rat PBPKmodel were performed individ-
ually for each study (Tables S1, S3, and S4), and the
hepatic and renal clearance values were automatically
adjusted within PK-Sim according to rat body weight
reported in that study.

Development of the PBPK-RO Model for Rats
After developing a PBPK model in PK-Sim that could
adequately predict the plasma PK profiles observed
in multiple data sets, the model was then extended by
adding D2 receptors to the brain and incorporating
drug-receptor binding in MoBi. The RO-time profile
was simulated using the following equation:

dN/dt = koff/Kd∗AD2R-unbound∗Cdrug

∗Kwater/brainECF − koff∗AD2R-drug

in which dN/dt represents the change in the amount
of drug-receptor complex over time, koff is the first-
order dissociation rate constant of the drug-receptor
complex, Kd is the affinity of the drug to the receptor,

koff /Kd gives the second-order association rate constant
(kon) of the drug to the receptor (koff and Kd were fixed
at values obtained from in vitro binding kinetics studies,
as listed in Table 1),AD2R-unbound is remaining amount of
unbound D2 receptor (not bound to the parent drug or
the metabolite) in the brainECF that is still available for
drug binding, AD2R-drug is the amount of drug-receptor
complex in the brainECF, Cdrug is the brainECF
drug concentration, and Kwater/brain-ECF is the partition
coefficient that corrects for the partition of the drug
between water and protein within the brainECF
(Kwater/brainECF was calculated by PK-Sim based on the
physicochemical properties of the drug). The density
of D2 receptors in both rat and human models was
fixed to 25 nM based on the receptor density measured
in striatum.33 RO was calculated as the percentage of
the receptor that was binding to the drug at a particular
time point. After the dosing of the parent drug, RO
of the parent drug and the active metabolite were
simulated in the same manner simultaneously, and
the sum of the drug RO and metabolite RO gave the
total RO.

In PK-Sim, the rat model represents an average adult
animal of the species and is not strain specific. Wistar
and SpragueDawley were the only strains that had been
used in the rat PK (Table S1) and RO (Tables S3 and
S4) studies involved in the present PBPK-RO analysis.
A recent quantitative proteomic analysis found no
difference between these 2 strains in the protein levels
of P-gp and also claudin-5 (a major component of
tight junction proteins at the rodent BBB) at the BBB.28

Moreover, in vitro radioligand binding studies iden-
tified similar D2 receptor expression in dopaminergic
regions including striatum and also similar binding
affinity toward radiolabeled D2 antagonists for these 2
strains.34,35 It thus could be reasonably assumed that the
BBB transport and subsequent drug-receptor binding
processes are comparable between these 2 strains.

Development of the PBPK and PBPK-RO Models for
Humans
After the development of the rat PBPK and PBPK-
RO models, the human PBPK and PBPK-RO models
were developed in a similar fashion. A major char-
acteristic of the human model was the application
of an in vitro to in vivo extrapolation approach for
the biotransformation of the parent drugs risperidone
and clozapine to their metabolites paliperidone and
norclozapine, respectively. In the rat model, the gen-
eration of these metabolites was parameterized by an
empirical nonspecific hepatic clearance process, while
in the human model the Michaelis-Menten kinetics
based on the in vitro kinetics data (Km and Vmax) of
specific CYP isoenzymes was implemented. The PK-
Sim library includes 3 human CYP gene-expression
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databases that describe the expression of CYP en-
zymes in different body tissues: reverse transcription
polymerase chain reaction–derived gene expression es-
timates from literature, whole genome expression arrays
from ArrayExpress (European Informatics Institute),
and expressed sequence tags from UniGene (National
Center for Biotechnology Information).36 Preliminary
simulations suggested that the reverse transcription
polymerase chain reaction database gave the most ac-
curate human plasma PK profiles of the parent drug
and the metabolite. Therefore, this database was used
in all the subsequent simulations. Information is limited
regarding the elimination pathways for the metabolites.
Following administration of a single 1-mg dose of
oral solution 14C-paliperidone (a dosage form that had
approximately 100% oral bioavailability) to healthy vol-
unteers, renal excretion of the unchanged paliperidone
accounted for around 50% of the total clearance of
paliperidone. Other than renal excretion, 4 metabolic
pathways were identified as being involved in the elimi-
nation of paliperidone, each of which accounted for up
to a maximum of 6.5% of the administered dose.37 In
vitro studies suggested a role forCYP2D6 andCYP3A4
in themetabolismof paliperidone.38 As enzyme kinetics
data are not available, in the human PBPK model the
total plasma clearance of paliperidone was modeled
by linear liver clearance and kidney clearance, each
accounting for 50% of the total clearance. In contrast,
renal elimination of risperidone and clozapine accounts
for only <4% of the total clearance of the correspond-
ing drugs,39–41 and therefore in the human PBPKmodel
we assumed zero renal clearance. For norclozapine,
the relative contribution of renal elimination to total
clearance has not been reported, and we assumed that
norclozapine was eliminated by linear hepatic clear-
ance.

Simulations with the human PBPK model were
performed for each individual study (Tables S2, S5, and
S6). Human populations were recreated with the aid of
the ethnicity-specific models in PK-Sim. If the exact
population option was not available, the topographi-
cally closest ethnic group was chosen instead. Demo-
graphic characteristics (age, weight, height, and body
mass index) were defined in the population toolbox.
For subjects receiving chronic dosing, the simulated RO
time profile was obtained on the 15th day of dosing,
based on the fact that steady-state plasma con-
centrations would be achieved within 6 days for
risperidone and 10 days for clozapine after repeated
administrations.42 In the simulations, the time of dosing
and RO time profile predictions were set according to
the chronological scheme stated in the corresponding
publications (Tables S5 and S6), and the total daily
dose was administered as a once-daily dosing unless
otherwise specified.

Evaluation of Model Performance
The model-predicted drug concentration in plasma and
RO levels were compared with those observed in the
literature, and the bias was evaluated by calculating
the median absolute percentage error.43 The absolute
percentage error (APE) was calculated for every time
point as follows:

APE =
∣
∣ValueIPRED,t − ValueOBS,t

∣
∣

ValueOBS,t
× 100%

where ValueIPRED,t and ValueOBS,t represent the individ-
ual predicted and observed value for drug concentra-
tion or RO at time t, respectively. Goodness-of-fit plots
were also used for the graphic analysis of model results.

Application of the Human PBPK-RO Model and Extension
to Non-D2 Receptors
To demonstrate the predictive value of the developed
human PBPK-RO model, the model was used to sim-
ulate the human plasma PK and RO for D2 and
5-hydroxytryptamine 2A (5-HT2A) according to the
settings of the clinical trial by Nyberg et al44 in 1999,
which investigated a reduction of the risperidone dose
from 6 mg/day to 3 mg/day in schizophrenic patients.
The simulations were then compared with the observed
data. In addition, the RO time profiles of other non-D2
receptors including alpha-1A, alpha-2 and histamine
H1 receptors were also simulated to explore the re-
ceptor selectivity toward D2 receptor versus non-D2
receptors during chronic risperidone treatment.

Results
Characteristics of the PK and RO Data Collected From
Literature
Altogether, 55 data sets (29 rat data sets, 26 human
data sets) were collected from 39 studies that met the
inclusion criteria. Thirty-one data sets were collected
for plasma PK and 23 data sets were collected for
striatum D2 RO. The details of each study are sum-
marized in Tables S1 to S6. The settings of these
studies varied considerably in terms of, for example, the
rat species/human ethnic populations studied, healthy
versus diseased subjects, dose amount and single dose
vs chronic doses, which contributed to the variability
in the observed plasma PK and D2 RO data. While
all the rat data were collected from nondiseased male
rats receiving a single dose, human data were collected
from amore heterogeneous group of subjects (involving
healthy volunteers and schizophrenic patients from
both sexes) receiving either a single dose or repeated
doses. Nevertheless, even among rat studies variations
in the experimental design were considerable. For in-
stance, difference in the recovery period from anesthesia
and surgery for cannulation (or vs rats that did not
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Figure 2. Prediction performance of the rat PBPKmodel on plasma concentrations of clozapine and norclozapine (A) and risperidone and paliperidone
(B) in multiple studies. The gray diagonal line is the unity line. The standard deviation of the observed data, if available, is shown as the error bar.
Details of each study are summarized in Table S1.

receive any surgery) could have led to deviation in
plasma PK of the parent drugs and the metabolites.21

Variations in assay sensitivity is a particular issue of
concern. As shown in Table S2, in human PK studies
the lower limit of quantification (LLOQ) for clozapine
and norclozapine in plasma (or serum) ranged from
0.1 ng/mL45 to 15 ng/mL, 46 which represented a 150-
fold difference in assay sensitivity. For risperidone and
paliperidone, the LLOQ was in the range of 0.1 to
1 ng/mL (which is around 0.24-2.4 nM). If a high pro-
portion of samples had concentrations below LLOQ
and if samples below LLOQ were simply discarded
from the study report, the overall observed concen-
trations and terminal half-life could be artificially in-
flated. This could be particularly relevant for samples
collected at the later time points during which the drug
concentrations became very low, and might indeed be
a possible cause of the deviation between model pre-
diction and observation for the plasma concentrations
of risperidone and paliperidone (refer to the subsection
Prediction Accuracy of Plasma PK in the Human
PBPKModel).

Variations in the conditions of the subjects were also
found to be prominent. While all the collected risperi-
done PK studies were performed on healthy volunteers
(Table S2), most of the risperidone RO studies were
performed on patients with schizophrenic disorders
(Table S5). Both CNS and non-CNS conditions could
alter the drug PK. For instance, an increase in CNS
dopaminergic activity and stress are suggested to mod-
ify multiple hormone systems that regulate the expres-
sion of CYPs in liver.47,48 Systemic inflammation and
infection have been shown to increase the plasma con-
centrations of risperidone and the metabolite paliperi-
done by>20% and the plasma concentration of clozap-
ine by up to 300%, probably via modification of plasma
binding to alpha-1 acid glycoprotein (an acute-phase
protein elevated by several-fold during inflammation)

and suppression of CYP activity.49,50 Therefore, higher
variability was expected in the observed RO data than
the PK data.

Prediction Accuracy of Plasma PK in the Rat PBPK Model
A total of 16 data sets (9 for clozapine/norclozapine
and 7 for risperidone/paliperidone) from 9 studies were
processed and compared to the simulated rat plasma
PK. The model adequately predicted the plasma PK
of clozapine and norclozapine (following norclozapine
administration as well as metabolite formed following
clozapine administration) (Figure 2A) and risperidone
and its metabolite paliperidone (following paliperidone
administration as well as metabolite formed following
risperidone administration) (Figure 2B). Nevertheless,
the model underestimated the relatively high paliperi-
done plasma concentrations observed in the study of
Sun et al51 in which a high IV bolus dose of paliperi-
done was administered. Noteworthy is that in the rat
PBPK model linear, nonsaturable clearance in liver
and kidney was applied to all compounds due to a
lack of information about the enzyme kinetics in rats.
The actual in vivo clearance of paliperidone, however,
can be nonlinear (eg, Michaelis-Menten kinetics) and
saturable at high concentrations.

Prediction Accuracy of D2 RO in the Rat PBPK-ROModel
A total of 13 data sets (4 for clozapine/norclozapine
and 9 for risperidone/paliperidone) from 7 studies were
processed and compared to the simulated rat D2 RO
levels. The rat model reasonably predicted the total D2
RO (the sum of RO contributed by the parent drug
and the metabolite) after administration of clozapine
(Figure 3A), risperidone, and paliperidone (Figure 3B).
Nevertheless, for both risperidone and clozapine, the
model underestimated the relatively high RO observed
in Barth.52 Barth’s study was the only RO study in
which IV administration rather than subcutaneous
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Figure 3. Prediction performance of the rat PBPK model on D2 receptor occupancy (RO) after administration of clozapine (A) and risperidone
and paliperidone (B) in multiple studies. Two examples are shown in (C) and (D). Observed (red dots) and predicted (red broken lines) D2 RO time
profiles were obtained after subcutaneous administration of clozapine (C) and risperidone (D) according to the study of Olsen et al.53 The observed
(blue dots) and predicted (blue solid lines) plasma concentration time profiles are also presented. Details of each study are summarized in Table S3
(risperidone) and Table S4 (clozapine). In (D) the oscillation of the simulated RO values at around Time = 4 hours could be caused by a numerical
instability, which is further explained and with suggestion provided in Figure S3.

administration was applied (Tables S3 and S4), and
the sudden surge in plasma concentration might have
saturated the in vivo drug clearance, thus possibly
inflating the observed plasma concentration and RO.

The performance of the rat PBPK-RO model was
demonstrated with the representative examples in the
study by Olsen et al,53 which reported the time profiles
of both the plasma PK and D2 RO time profiles after
clozapine (Figure 3C) and risperidone (Figure 3D)
administration. A MoBi file that contains the PBPK-
RO model is provided in the supplemental materials.

Prediction Accuracy of Plasma PK in the Human PBPK
Model
A total of 16 data sets (8 for clozapine/norclozapine
and 8 for risperidone/paliperidone) from 16 studies
were processed and compared to the simulated human
plasma PK.

For clozapine (Figure 4A) and the metabolite nor-
clozapine (Figure 4C), the human PBPK model ade-
quately predicted their plasma PK. Nevertheless, the
model overestimated the clozapine concentration and
underestimated the norclozapine plasma PK observed
in Fadiran et al,46 which contained only 1 subject. A
possible explanation is that the subject had a relatively
fast metabolism of clozapine to norclozapine.

For risperidone (Figure 4B) and the metabolite
paliperidone (Figure 4D), the human PBPK model
reasonably predicted the plasma concentration. How-
ever, at the very low concentrations (especially when
<3 nM), there were underestimations for both ris-
peridone and paliperidone. These plasma concen-
trations were mostly measured at a late time point
(>10 hours after the single-dose administration). In
addition, the model underestimated the concentrations
of both the parent risperidone and its metabolite
paliperidone in Belotto’s study in Brazil.54 A possible
explanation is that the absorption of the orally
administered risperidone and the paliperidone formed
in intestine was enhanced due to a suppressed P-gp
efflux activity at the intestine. Concentration of P-gp
in intestinal epithelial cells is linked to a C3435T
polymorphism of the human MDR1 gene and is
substantially lower in people with the T/T genotype
(higher frequency in whites) than those with the C/C
genotype (higher frequency in Africans).55 The Brazil
population is mainly composed of whites (52%),
followed by browns (ie, mixed-race, 36%) and blacks
(11%).56 Unfortunately, the exact ethnic background
of the subjects was not mentioned in Belotto’s
publication. In addition to P-gp, CYP2D6 is also
highly polymorphic. Poor metabolizers of CYP2D6
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Figure 4. Prediction performance of the human PBPK model on plasma concentrations (in log scale) of clozapine (A), risperidone (B) and the active
metabolites norclozapine (C) and paliperidone (D) in multiple studies. In (B) and (D) the data are also shown in normal scale in the inserts. Details of
each study are summarized in Table S2.

(frequency ranges from 5.4% in Europeans, 2.5% in
Africans/blacks to 0.4% in East Asians57) were found to
have increased plasma risperidone levels,58 which might
also contribute to the higher-than-expected plasma
concentrations observed in some subjects/studies.
Nevertheless, the CYP2D6 genotype or phenotype was
not reported in most of the clinical studies.

The performance of the model was demonstrated
with the representative examples of 2 clinical trials,
which reported the plasma PK profiles of both the
parent drug and the metabolite after clozapine (Hägg
et al41; Figure 5A) and risperidone (Cánovas et al59;
Figure 5B) administration. For clozapine/norclozapine,
the mean predicted time to maximum plasma con-
centration (Tmax) and maximum plasma concentration
(Cmax) (normalized by clozapine dose) were 2.4/4.7
hours and 5.7/1.0 nM, which were in good agreement
with those observed in the 8 collected PK studies:
the observed Tmax and Cmax (mean, range) were (2.3,
1.0-3.0)/(3.2, 2.0-4.7) hours and (5.6, 2.9-8.1)/(1.6, 1.0-
2.2) nM, respectively. For risperidone/paliperidone, the
predicted PK parameters were also mostly within the
range reported from the clinical trials. After oral admin-
istration of 2 mg risperidone, the mean predicted Tmax

and Cmax were 1.1/1.9 hours and 32.5/17.6 nM, and
the observed Tmax and Cmax (mean, range) were (1.1,

0.9-1.5)/(4.8, 4.0-5.9) hours and (37.3, 29.8-40.1)/(29.7,
22.7-49.2) nM, respectively. Although the prediction
slightly underestimated the plasma concentrations of
risperidone/paliperidone as discussed above, the pre-
dicted half-life of 8.9/18.1 hours were close to the
observed half-life (mean, range) of (6.4, 4.7-8.6)/(18.5,
11.5-29.4) hours. The observed PK parameters are
summarized in Table S2.

Prediction Accuracy of D2 RO in the Human PBPK-RO
Model
A total of 10 data sets (5 for clozapine/norclozapine
and 5 for risperidone/paliperidone) from 7 studies were
processed and compared to the simulated human D2
RO.

For clozapine (Figure 6A), the model reasonably
predicted the RO observed in all studies except the one
by Catafau et al60 in which the subjects were allowed
to smoke. The systemic clearance of clozapine and
norclozapine in smokers is around 50% higher than
that in nonsmokers,61 which is at least partly due to
the induction of CYP1A2 activity by smoking.62 This
would have lowered the observed plasma concentration
and D2 RO.

For risperidone (Figure 6B), themodel could capture
the general trend of the RO levels; however, a certain
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Figure 5. Two examples to show the prediction performance of the human PBPK model on plasma concentrations. Observed (red dots for parent
drugs, blue dots for the generated metabolites) and predicted (arithmetic mean as solid lines with 95% confidence interval) plasma concentration time
profiles were obtained after oral administration of clozapine (A) and risperidone (B) according to the studies of Hägg et al41 and Cánovas et al,59

respectively.

Figure 6. Prediction performance of the human PBPK model on D2 receptor occupancy (RO) after administration of clozapine (A) and risperidone
(B) in multiple studies. Details of each study are summarized in Table S5 (risperidone) and Table S6 (clozapine).

degree of underestimation was apparent. Most of the
RO was measured between 12 to 72 hours after the
last dose (Table S5). As mentioned above, the human
PBPK model might have underestimated the plasma
concentrations of risperidone and paliperidone for time
points later than 10 hours after the dose, which might
explain the underestimation of the RO.

In the human PBPK-ROmodel, we assumed that the
same P-gp efflux kinetics at BBB and drug-receptor–
binding kinetics values were shared by all the ethnic
populations because we could not identify any reports
providing data on the quantitative differences in these 2
kinetic processes among different populations. Certain
genetic variations (such as polymorphism in ANKK1)
are associated with the D2 receptor availability in
brain, and the frequency of these variants is population
dependent.63,64 However, there is no report on how
such genetic variations affect the D2 RO level of an
antipsychotic drug. Moreover, in most of the PK and
RO clinical studies involved in this PBPK work, the
genotypes of the subjects were not reported. Because
the clinical trial settings differed markedly in terms of,
for example, the duration of the chronic drug dosing
and disease status at the time of RO evaluation, any

interstudy difference in the observed RO values could
be attributed not only to the population but also to
genetic variations, disease, and RO assay methods.

Application of the Human PBPK-RO Model and Extension
to Non-D2 Receptors
The clinical trial by Nyberg et al44 reported the changes
in human plasmaPKandRO time profile after reducing
the daily risperidone dose by half from 6 mg/day to
3 mg/day in schizophrenic patients. The simulations
generated by the human PBPK-RO model adequately
predicted the plasma PK (Figure 7A) and D2 RO levels
(Figure 7B), but again with a slight underestimation in
D2 RO, as mentioned in the previous section. Our sim-
ulations are in good agreement with the observations
from another clinical trial on schizophrenic patients
dosed with risperidone also at 6 mg/day, of which the
trough plasma concentration and D2 RO at steady
state were 26 ng/mL (risperidone+paliperidone) and
64%, respectively.65 The simulation was extended to
the serotonin 5-HT2A receptor by replacing the D2-kon
and D2-koff values with those measured with 5-HT2A

receptors (Table S9). The simulation captured the high
5-HT2A RO, which persisted even after the risperidone
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Figure 7. Predicting the impact of dose adjustment on plasma PK and receptor occupancy (RO) according to the clinical trial of Nyberg et al. Eight
schizophrenic patients first received risperidone oral dose at 6 mg/day (2 times daily) for 28 days, which was then reduced to 3 mg/day (2 times
daily) for 14 days. (A) Observed (dots) and predicted (arithmetic mean as gray lines) plasma concentration-time profiles of the total active moiety
(risperidone plus paliperidone). (B) Observed (dots, mean ± range) and predicted (arithmetic mean as black line with 95% confidence interval) D2
RO. (C) Predicted RO-time profiles on D2 (black line) and non-D2 receptors (serotonin 5-HT2A, green; adrenergic alpha-1A, blue; alpha-2, yellow;
histamine H1, gray) in the brain. The observed RO of 5-HT2A (green dots, mean ± range) was also shown.

dose was halved to 3 mg/day (Figure 7C), consistent
with the observations from other clinical trials show-
ing that 5-HT2A RO is >90% when the risperidone
dose is �3 mg/day.66 The RO of other non-D2 recep-
tors including alpha-1A, alpha-2, and histamine H1
receptors were also simulated (Figure 7C). Such simula-

tion provided insights on the in vivo receptor selectivity
of the drug after chronic dosing. For instance, it can be
observed that the histamine H1 RO (gray line) is com-
parable toD2RO (black line). The considerable binding
to H1 receptor has been suggested to be responsible for
the sedative effects of antipsychotics.15
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Discussion
In this work, we developed predictive whole-body
PBPK-RO models for the 2 commonly used antipsy-
chotics risperidone and clozapine for both rats and
humans, which represented an important step toward
model-based prediction of RO of antipsychotics in the
management of CNS disorders. Knowledge from rats
on the systemic and CNS disposition of these drugs
allowed the construction of a rat PBPK-RO model.
By adopting a cross-species translational approach,
with species differences in physiological and pharma-
cological parameters taken into account, the rat model
was then successfully scaled to a human model, which
enabled the prediction of the in vivoD2RO level during
antipsychotic treatment.

The PBPK approach allows the incorporation of
the active metabolites, which is crucial in the assess-
ment of total RO and pharmacodynamic outcomes of
risperidone and clozapine. In our PBPK-ROmodels, we
explicitly incorporated the active metabolites paliperi-
done and norclozapine and their characteristic pharma-
cological properties (such as the systemic elimination
rate, P-gp transport kinetics at BBB, and the binding
kinetics to D2). Using the developed PBPK models,
we simulated the plasma unbound and brainECF drug
concentrations (Figure S4). In rats, after risperidone
and clozapine administration, the simulated brainECF
concentrations of the parent drugs were at least several-
fold higher than that of the metabolites, which is con-
sistent with the in vivo observations in microdialysis
studies.26,67 In contrast, the simulated human brain
unbound concentrations of the parent drug risperidone
were several-fold lower than that of the metabolite
paliperidone. Our simulation is in line with the obser-
vations from a PK-RO study in monkeys that after
repeated dosing of risperidone only paliperidone but
not risperidone was detected in the CSF, while the
striatumD2ROmeasured by positron emission tomog-
raphy was as high as 80%.68 In fact, while the simulated
total D2 RO in Nyberg’s clinical trial was about 60%
on average (Figure 7B), about 50% was contributed
by the metabolite paliperidone and only 10% was
contributed by the parent risperidone (Figure S5). This
illustrates the importance of taking into account the
contribution of active metabolites in in silico prediction
of brain RO levels, which is particularly relevant to the
marketed antipsychotics since many of them generate
active metabolites whose affinity to D2 (and other
neurotransmitter receptors) and antipsychotic potency
are comparable to or even higher than that of the parent
drugs.69,70 In fact, paliperidone has been marketed as
an antipsychotic drug in its own right, and norcloza-
pine has demonstrated antipsychotic effects in animal
studies.71

The PBPK approach facilitates the translation of
animal findings to humans. The clear separation of
drug-specific and system-specific (species-specific) pa-
rameters allows cross-species extrapolation of the PK
model according to species difference in, for example,
physiological parameters and transporter expression,
which is mechanistically more realistic than allometric
scaling. Model validation first by (the more abun-
dant) rat data can enhance confidence in the later
human model. Recently, Johnson et al72 reported a 5-
compartment PK-RO model first in rats and then ap-
plied it to predict the human D2 RO of antipsychotics.
The model underestimated the observed humanD2RO
of haloperidol. The authors suggested that this could
be due to in vivo metabolic conversion of haloperidol
metabolites back to haloperidol in brain tissue and also
active influx of haloperidol across the BBB, which had
not been considered in their model. If sufficient in vitro
or in vivo information about these pharmacological
processes are available, they can be incorporated into
the PBPK-RO model relatively easily.

New antipsychotic drugs are needed to address the
unmet clinical needs, especially in the areas like
improvement in negative symptoms, cognition, and
safety.73 While there are more than 20 US Food and
Drug Administration–approved first- and second-
generation antipsychotics, the management of schizo-
phrenic disorders with antipsychotics is far from
satisfactory. A recent meta-analysis on 167 double-
blind randomized controlled trials conducted in the
past 6 decades in patients with acute exacerbations
of schizophrenia indicated that while approximately
twice as many patients improved with antipsychotics
as with placebo, only a minority experienced a good
response.74 The value of the model-informed approach
at different stages of drug discovery and development
for improving efficiency and decision making has been
demonstrated in recent years.75 When implementing
model-informed drug development for CNSdisorders76

such as schizophrenia,77 RO is an indispensable com-
ponent of the quantitative pharmacology models (pop-
ulation PK-pharmacodynamic models, PBPK models,
and systems pharmacology models). Our PBPK-RO
model can be further extended to incorporate clini-
cal outcomes such as the responses in Positive and
Negative Syndrome Scale or Brief Psychiatric Rat-
ing Scale7,78 (therapeutic outcome), Simpson-Angus
Scale or Extrapyramidal Symptom Rating Scale7,78

and hyperprolactinemia79 (side effect outcomes), in
which quantitative relationships between RO level and
the pharmacodynamic outcome have been established.
A PBPK-RO-pharmacodynamic model that connects
antipsychotic dose, PK, RO, and clinical outcomes can
serve as a dose selection tool to aid the development of
new antipsychotics.
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The application of the PBPK-RO model can be
extended from D2 to other CNS receptors. All of the
marketed antipsychotics have appreciable affinity to
non-D2 CNS receptors,80 and drug candidates that
interact with different subtypes of serotonin receptors
and acetylcholine receptors in addition to dopamine
receptors are now in phase 2 and phase 3 trials.81 It
is clinically relevant to assess the receptor selectivity.
For instance, clozapine is one of the antipsychotics
that is most prone to induce metabolic disturbance
such as weight gain and diabetes,16 which could be
attributed to its high affinity to both serotonin 5-HT2C

and hypothalamic histamine H1 receptors.82,83 Also,
RO at cortical H1 receptors contributes to the promi-
nent sedative effect of clozapine.15,16 Clozapine’s high
affinity to both muscarinic M1 and 5-HT2A receptors
could have contributed to its low propensity to induce
motor side effects.84 By incorporating the drug-receptor
binding kinetics values (kon and koff ), the PBPK-RO
model would allow simultaneous estimation of the
RO of the drug candidate on different receptors, as
demonstrated by our simulation of the RO time profiles
of serotonin 5-HT2A, alpha-1A, alpha-2, and histamine
H1 after risperidone administration (Figure 7C). It is
worth noting that our simulation captured the persis-
tently high RO at 5-HT2A (>90%) when the RO at D2
was decreasing after dose reduction,44,85 which further
demonstrated the utility of the model in the evaluation
of receptor selectivity.

To accurately predict the drug concentration at
the brain target site, which is the driving force for
drug-receptor binding, the present PBPK model for
the brain needs to be further developed. In PK-Sim,
the brain is represented by the brain vessel plasma,
brainECF, and brain intracellular compartments and
the BBB. In the past decade, several PBPK and semi-
PBPK models that incorporate additional brain dis-
tribution compartments and physiological parameters
have been reported.8 Particularly, drug in the brainECF
distributes into the ventricle CSF and is carried by CSF
to spinal cord and then returns to systemic circulation.9

Therefore, compartments related to the ventricular-
CSF system (lateral ventricle, third and fourth ventri-
cles, cisterna magna, and subarachnoid space) and the
blood-CSF barrier (where both passive and active drug
transports present) are necessary for accurate predic-
tion of drug concentrations within the brain. After the
development of our models, PBPK CNS drug distribu-
tion models that incorporate these compartments have
been published, and they adequately predict the drug
concentration in brainECF, brain tissue, and CSF in
both rats and humans.86,87 Because the focus of this
work was on predicting theD2RO level, which is driven
by the drug concentration at the brainECF, creating
additional brain compartments relating to CSF in PK-

Sim and validating them with CSF PK data were
outside the scope of this work. Nevertheless, future
PBPKmodels should consider incorporating these CSF
compartments and the blood-CSF barrier.

A prominent hurdle of applying a pure bottom-up
PBPK approach, that is, to rely solely on in vitro data
to predict the in vivo drug transport across the BBB
and blood-CSF barrier, is the lack of reliable quantita-
tive information on the amount of active transporters
present in the CNS. P-gp expression and localization
at BBB, blood-CSF barrier, and brain parenchymal
cells (neurons and glial cells) all affect drug distribu-
tion to and within the brain, and they need to be
explored with better proteomic studies, taking into
account species differences and the effects of diseases.88

Currently, intra- and interlaboratory variations in
transporter quantification by the proteomics methods
remain large.89 Moreover, heterogenous P-gp expres-
sion among different brain regions have been reported
in both rats and humans,90,91 and this should be taken
into account to allow region-specific prediction of drug
concentrations in brainECF and subsequent RO lev-
els. Furthermore, maturation of P-gp expression with
postnatal age had been reported for some regions of
the rat brain and was shown to be region dependent.92

However, this was not yet considered in the present rat
PBPK model because data on striatum region are not
available. In spite of that, after risperidone adminis-
tration, the D2 RO levels in striatum and extrastriatal
regions were found to be similar in well-controlled
imaging studies in humans and monkeys.68,93 Besides
P-gp expression, transport kinetics of P-gp also need
to be explored with better in vitro cellular transport
studies and mathematical models.94 Standardization of
the aforementioned expression and transport assays is
needed to provide reliable input to the PBPK model.

In our model, P-gp is expressed only at the BBB
but not at other body tissues (such as kidney, liver,
intestine, and bile duct), which might have impaired the
accuracy in PK prediction, especially for risperidone
and paliperidone, which are strong P-gp substrates. For
instance, enterohepatic circulation could prolong the
drug residence time in systemic circulation, as observed
in other P-gp substrates such as digoxin.95 P-gp at
proximal renal tubules, which facilitates drug excretion
into urine, are also suggested to be contributing to the
renal clearance of P-gp substrates.96 Human ABCB1
(the gene encoding P-gp) polymorphism is associated
with altered oral bioavailability and renal clearance of
digoxin,97 although clinical data regarding its impact
on the PK of risperidone and paliperidone remain
inconclusive.98 These factors might, at least in part,
explain the underestimation of plasma PK of risperi-
done and paliperidone of our human PBPK model.
If the P-gp expression values in these tissues become
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available, they could be easily incorporated into the
PBPK model.99

Conclusions
The present study demonstrated that PBPK modeling
is a useful approach to predict RO time profiles,
particularly for CNS drugs since the PBPK-RO model
could incorporate the active transport processes at the
BBB and also themultiple CNS receptors that the drugs
interact with. The PBPK approach also allows the
translation of knowledge from preclinical studies to the
clinical setting and enhance the confidence in the final
human PBPK-RO model. The rat and human PBPK-
RO models developed could be applied to estimate the
RO at D2 receptors and non-D2 receptors of current
antipsychotics at different doses. The models can also
provide guidance to dose selection, efficacy, and safety
assessments and decision making during the preclinical
and clinical development of new antipsychotics.
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41. Hägg S, Spigset O,Mjörndal T,GranbergK, Persbo-Lundqvist
G, Dahlqvist R. Absence of interaction between erythromycin
and a single dose of clozapine. Eur J Clin Pharmacol.
1999;55(3):221–226.

42. Grundmann M, Kacirova I, Urinovska R. Therapeutic drug
monitoring of atypical antipsychotic drugs. Acta Pharm.
2014;64(4):387–401.

43. Sheiner LB, Beal SL. Some suggestions for measuring predic-
tive performance. J Pharmacokinet Biopharm. 1981;9(4):503–
512.

44. Nyberg S, Eriksson B, Oxenstierna G, Halldin C, Farde L.
Suggested minimal effective dose of risperidone based on PET-
measuredD2 and 5-HT2A receptor occupancy in schizophrenic
patients. Am J Psychiatry. 1999;156(6):869–875.

45. Wang C-Y, Zhang Z-J, Li W-B, et al. The differential effects
of steady-state fluvoxamine on the pharmacokinetics of olan-
zapine and clozapine in healthy volunteers. J Clin Pharmacol.
2004;44(7):785–792.

46. Fadiran EO, Leslie J, Fossler M, Young D. Determination
of clozapine and its major metabolites in human serum
and rat plasma by liquid chromatography using solid-phase
extraction and ultraviolet detection. J Pharm Biomed Anal.
1995;13(2):185–190.

47. van den Brink WJ, van den Berg DJ, Bonsel FEM, et al.
Fingerprints of CNS drug effects: a plasma neuroendocrine
reflection of D2 receptor activation using multi-biomarker
pharmacokinetic/pharmacodynamic modelling. Br J Pharma-
col. 2018;175(19):3832–3843.

48. Konstandi M, Johnson EO, Lang MA. Consequences of
psychophysiological stress on cytochrome P450-catalyzed
drug metabolism. Neurosci Biobehav Rev. 2014;45:149–
167.

49. Clark SR, Warren NS, Kim G, et al. Elevated clozapine levels
associated with infection: a systematic review. Schizophr Res.
2018;192:50–56.

50. Hefner G, Shams MEE, Unterecker S, Falter T, Hiemke C.
Inflammation and psychotropic drugs: the relationship between
C-reactive protein and antipsychotic drug levels. Psychophar-
macology (Berl). 2016;233(9):1695–1705.

51. Sun F, Su Z, Sui C, et al. Studies on the acute toxic-
ity, pharmacokinetics and pharmacodynamics of paliperidone
derivatives: comparison to paliperidone and risperidone in
mice and rats. Basic Clin Pharmacol Toxicol. 2010;107(2):656–
662.

52. Barth VN. Typical and Atypical Antipsychotics: Relationships
Between Rat In Vivo Dopamine D(2) Receptor Occupancy
Assessed Using LC/MS and Changes in Neurochemistry and
Catalepsy [dissertation]. Bloomington: Indiana University;
2006.

53. Olsen CK, Brennum LT, Kreilgaard M. Using
pharmacokinetic-pharmacodynamic modelling as a tool
for prediction of therapeutic effective plasma levels of
antipsychotics. Eur J Pharmacol. 2008;584(2-3):318–327.

54. Belotto KCR, Raposo NRB, Ferreira AS, Gattaz WF. Rel-
ative bioavailability of two oral formulations of risperidone
2 mg: a single-dose, randomized-sequence, open-label, two-
period crossover comparison in healthy Brazilian volunteers.
Clin Ther. 2010;32(12):2106–2115.



746 The Journal of Clinical Pharmacology / Vol 59 No 5 2019

55. Schaeffeler E, Eichelbaum M, Brinkmann U, et al. Frequency
of C3435T polymorphism of MDR1 gene in African people.
Lancet. 2001;358(9279):383–384.

56. Loveman M, Muniz JO, Bailey SR. Brazil in black and white?
Race categories, the census, and the study of inequality. Ethn
Racial Stud. 2012;35(8):1466–1483.

57. Gaedigk A, Sangkuhl K,Whirl-CarrilloM, Klein T, Leeder JS.
Prediction of CYP2D6 phenotype from genotype across world
populations. Genet Med. 2017;19(1):69–76.

58. Puangpetch A, Vanwong N, Nuntamool N, Hongkaew Y,
Chamnanphon M, Sukasem C. CYP2D6 polymorphisms and
their influence on risperidone treatment. Pharmgenomics Pers
Med. 2016;9:131–147.

59. Cánovas M, Delgadillo J, Torres F, et al. Bioequivalence
evaluation of two strengths of risperidone tablet formulations
in healthy volunteers. Int JClin Pharmacol. 2009;47(2):124–131.

60. Catafau AM, Penengo MM, Nucci G, et al. Pharmacokinet-
ics and time-course of D(2) receptor occupancy induced by
atypical antipsychotics in stabilized schizophrenic patients. J
Psychopharmacol. 2008;22(8):882–894.

61. Li L, Shang D, Li W, et al. Population pharmacokinet-
ics of clozapine and its primary metabolite norclozapine in
Chinese patients with schizophrenia. Acta Pharmacol Sin.
2012;33(11):1409–1416.

62. Dobrinas M, Cornuz J, Oneda B, Kohler Serra M, Puhl M,
Eap CB. Impact of smoking, smoking cessation, and genetic
polymorphisms on CYP1A2 activity and inducibility. Clin
Pharmacol Ther. 2011;90(1):117–125.

63. Gluskin BS, Mickey BJ. Genetic variation and dopamine D2
receptor availability: a systematic review and meta-analysis of
human in vivo molecular imaging studies. Transl Psychiatry.
2016;6(3):e747–e747.

64. Eum S, Lee AM, Bishop JR. Pharmacogenetic tests for antipsy-
chotic medications: clinical implications and considerations.
Dialogues Clin Neurosci. 2016;18(3):323–337.

65. Catafau AM, Bullich S, Nucci G, et al. Contribution of SPECT
measurements of D2 and 5-HT2A occupancy to the clinical
development of the antipsychotic SB-773812. J Nucl Med.
2011;52(4):526–534.

66. Stone JM, Davis JM, Leucht S, Pilowsky LS. Cortical
dopamine D2/D3 receptors are a common site of action for an-
tipsychotic drugs–an original patient data meta-analysis of the
SPECT and PET in vivo receptor imaging literature. Schizophr
Bull. 2009;35(4):789–797.

67. Shimizu S, den Hoedt SM, Mangas-Sanjuan V, et al.
Target-site investigation for the plasma prolactin response:
mechanism-based pharmacokinetic-pharmacodynamic analy-
sis of risperidone and paliperidone in the rat. Drug Metab
Dispos. 2017;45(2):152–159.

68. Muly EC, Votaw JR, Ritchie J, Howell LL. Relationship
between dose, drug levels, and D2 receptor occupancy for
the atypical antipsychotics risperidone and paliperidone. J
Pharmacol Exp Ther. 2012;341(1):81–89.

69. Wong YC, Qian S, Zuo Z. Regioselective biotransformation of
CNS drugs and its clinical impact on adverse drug reactions.
Expert Opin Drug Metab Toxicol. 2012;8(7):833–854.

70. Scott Obach R. Pharmacologically active drug metabolites:
Impact on drug discovery and pharmacotherapy. Pharmacol
Rev. 2013;65(2):578–640.

71. Lameh J, Burstein ES, Taylor E, Weiner DM, Vanover KE,
Bonhaus DW. Pharmacology of N-desmethylclozapine. Phar-
macol Ther. 2007;115(2):223–231.

72. Johnson M, Kozielska M, Pilla Reddy V, et al. Translational
modeling in schizophrenia: predicting human dopamine D2
receptor occupancy. Pharm Res. 2016;33(4):1003–1017.

73. Fellner C. New schizophrenia treatments address unmet clinical
needs. P T. 2017;42(2):130–134.

74. Leucht S, Leucht C, Huhn M, et al. Sixty years of placebo-
controlled antipsychotic drug trials in acute schizophrenia:
systematic review, Bayesian meta-analysis, and meta-regression
of efficacy predictors. Am J Psychiatry. 2017;174(10):927–942.

75. Visser SAG, Aurell M, Jones RDO, et al. Model-based drug
discovery: implementation and impact. Drug Discov Today.
2013;18(15-16):764–775.

76. de Lange ECM, van den Brink W, Yamamoto Y, de Witte
WEA, Wong YC. Novel CNS drug discovery and develop-
ment approach: model-based integration to predict neuro-
pharmacokinetics and pharmacodynamics. Expert Opin Drug
Discov. 2017;12(12):1207–1218.

77. Nucci G, Gomeni R, Poggesi I. Model-based approaches to in-
crease efficiency of drug development in schizophrenia: a can’t
miss opportunity. Expert Opin Drug Discov. 2009;4(8):837–856.

78. de Greef R, Maloney A, Olsson-Gisleskog P, Schoemaker J,
Panagides J. Dopamine D2 occupancy as a biomarker for
antipsychotics: quantifying the relationship with efficacy and
extrapyramidal symptoms. AAPS J. 2011;13(1):121–130.

79. Iwata Y, Nakajima S, Caravaggio F, et al. Threshold of
dopamine D2/3 receptor occupancy for hyperprolactinemia
in older patients with schizophrenia. J Clin Psychiatry.
2016;77(12):e1557–e1563.

80. Li P, Snyder GL, Vanover KE. Dopamine targeting drugs for
the treatment of schizophrenia: past, present and future. Curr
Top Med Chem. 2016;16(29):3385–3403.

81. Konstantinos D, Rohit S. Pharmacological treatment of
schizophrenia—a review of progress. Prog Neurol Psychiatry.
2016;20(3):28–35.

82. Montastruc F, Palmaro A, Bagheri H, Schmitt L, Mon-
tastruc J-L, Lapeyre-Mestre M. Role of serotonin 5-HT2C
and histamine H1 receptors in antipsychotic-induced diabetes:
a pharmacoepidemiological-pharmacodynamic study in Vi-
giBase. Eur Neuropsychopharmacol. 2015;25(10):1556–1565.

83. He M, Deng C, HuangX-F. The role of hypothalamic H1 re-
ceptor antagonism in antipsychotic-induced weight gain. CNS
Drugs. 2013;27(6):423–434.

84. Nguyen TTH, Pariente A, Montastruc J-L, et al. An origi-
nal pharmacoepidemiological-pharmacodynamic method: ap-
plication to antipsychotic-induced movement disorders. Br J
Clin Pharmacol. 2017;83(3):612–622.

85. Tauscher J, Jones C, Remington G, Zipursky RB, Kapur
S. Significant dissociation of brain and plasma kinetics with
antipsychotics.Mol Psychiatry. 2002;7(3):317–321.

86. Yamamoto Y, Välitalo PA, Huntjens DR, et al. Predicting drug
concentration-time profiles in multiple CNS compartments
using a comprehensive physiologically-based pharmacokinetic
model.CPTPharmacometrics Syst Pharmacol. 2017;6(11):765–
777.

87. Yamamoto Y, Välitalo PA, Wong YC, et al. Prediction
of human CNS pharmacokinetics using a physiologically-
based pharmacokinetic modeling approach. Eur J Pharm Sci.
2018;112:168–179.

88. Morris ME, Rodriguez-Cruz V, Felmlee MA. SLC and ABC
transporters: expression, localization, and species differences
at the blood-brain and the blood-cerebrospinal fluid barriers.
AAPS J. 2017;19(5):1317–1331.

89. Wegler C, Gaugaz FZ, Andersson TB, et al. Variability in
mass spectrometry-based quantification of clinically relevant
drug transporters and drug metabolizing enzymes.Mol Pharm.
2017;14(9):3142–3151.
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