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Abstract
RBP‐7000 is a sustained‐release (once‐monthly injection for subcutaneous administration) formulation of risperidone using the ATRIGEL1 Delivery
System, developed for treatment of schizophrenia to address compliance issues associated with oral administration. The objective of this analysis was to
report the results of a population pharmacokinetic analysis and to describe the relationship between risperidone and 9‐hydroxyrisperidone levels with
dopamine (DA) D2‐receptor occupancy, prolactin levels, and adverse events using data collected in 45 clinically stable schizophrenic patients receiving
RBP‐7000 in single ascending doses (risperidone) of 60, 90, and 120 mg. The population PK model accounted for an initial peak, a delayed and slow
delivery, the disposition of risperidone, and the conversion of risperidone to 9‐hydroxyrisperidone. BMI was a covariate affecting absorption of
risperidone and ultimately formation of 9‐hydroxyrisperidone. A logistic analysis indicated a correlation between the increase in Active Moiety
(risperidone þ 9‐OH‐risperidone) exposure (Cmax) and the probability of observing GI disorders. An Emax population PK/prolactin model best
described the relationship between the circulating Active Moiety and the serum prolactin levels. Gender was a significant covariate associated with Emax.
These data provided a comprehensive characterization of the relationship between circulating Active Moiety and the efficacy/safety profile of RBP‐7000
in clinically stable schizophrenic patients.
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Introduction
Schizophrenia is a lifetime psychiatric illness that involves
repeated episodes throughout life with incremental
impairment. The relative early age of onset and chronic
nature of the illness, coupled with direct costs of medical
treatment and the indirect costs of lost productivity due to
social and occupational dysfunction, result in a significant
financial burden to society. Despite the availability of
second generation (also referred to as “atypical”)
antipsychotic drugs, 20–30% of schizophrenic patients
continue to have an inadequate response to medication
with 15–20% relapsing each year.1,2 The use of
antipsychotic drugs has generally resulted in improved
clinical response, improved tolerability, and/or reduced
side effects. However, their potential benefits have been
greatly mitigated by patient non‐adherence to daily oral
medication. The mean rate of compliance with antipsy-
chotic medications is approximately 58%, and non‐
compliance appears to have a counter‐therapeutic effect
on their potential benefit.3 Furthermore, the lack of
adherence to prescribed antipsychotic medications has
been shown to be a predictor of relapse and subsequent
hospitalization4,5 hence poor health economics outcome.

Long‐acting injectable (LAI) antipsychotics were
developed in the 1960s as an alternative method of drug
delivery aimed specifically at improving treatment
compliance in patients with schizophrenia, as well as
simplifying the medication process. Depot agents have a
number of advantages over oral medication,6 including
stabilization of serum drug levels, avoidance of first‐pass
metabolism, and assured medication delivery.7,8 In
contrast to the expected 40–50% of non‐adherent patients
receiving oral antipsychotic drugs,9 the non‐adherent rate
dropped to less than 10% in patients treated with LAI
antipsychotics.10

RBP‐7000 has been designed to be a sustained‐release
(once‐monthly injection for subcutaneous administration)
formulation of risperidone using theATRIGEL1 Delivery
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system. This biodegradable polymer drug delivery system
uses an in situ poly‐DL‐lactide‐co‐glycolide (PLGH)
implant formed by subcutaneous (SC) injection of a
viscous, liquid formulation that forms an implant upon
contact with tissue fluids. Risperidone in RBP‐7000 is
both dissolved and suspended in the ATRIGEL1 Delivery
System and then slowly released from the injection site.
RBP‐7000 is intended for the treatment of patients with
schizophrenia to address the compliance issues associated
with oral treatment, both for ongoing treatment and for
transitioning (switching) from LAI risperidone.

The objectives of the present study were to conduct (1)
a population PK analysis of RBP‐7000, and (2) a
population PK/PD analysis to characterize the relationship
between risperidone and its major metabolite (9‐OH‐
risperidone) with efficacy biomarkers (dopamine [DA]
D2‐receptor occupancy[RO]), prolactin levels, and occur-
rence of adverse events using data collected in a Phase I
study using single ascending doses of 60, 90, and 120 mg
(expressed as the amount of risperidone).

Methods
Study Design
The clinical study protocol, informed consent form(s), and
all other appropriate study‐related documents were
reviewed and approved by an independent and appropri-
ately constituted institutional review board (IRB). Study
enrollment and protocol‐related procedures, which did not
form part of the subject’s normal clinical treatment, were
not performed until the IRB that had oversight for the
study provided written approval of the protocol or a
modification thereof. The IRB was constituted and
operated in accordance with the principles and require-
ments described in the United States (US) Code of Federal
Regulations (21 CFRPart 56). The studywas conducted in
accordance with good clinical practice (GCP) as required
by US Food and Drug Administration (FDA) regulations,
International Conference on Harmonisation (ICH) guide-
lines, and standard operating procedures for clinical
investigation and documentation in force at Reckitt
Benckiser Pharmaceuticals, Inc. (RBP). Compliance
with these requirements also indicates conformity with
the ethical principles that have their origins in the
Declaration of Helsinki. Informed consent was obtained
before a subject was enrolled in the study and prior to the
commencement of any protocol‐driven activities. The
investigator (or designated staff member) met with the
subject and explained the study in sufficient detail to
permit an informed decision to participate.

Forty‐five clinically stable schizophrenic patients with
confirmed diagnosis of paranoid, residual or undifferenti-
ated schizophrenia were randomized to receive a single
dose of one of the three RBP‐7,000 dose levels 60, 90, and
120 mg. Clinically stable patients were defined as subjects

whom the Principal Investigator established by medical
record or by history from the subject and at least one
reliable informant, that the subject has been clinically
stable for at least 60 days without hospitalization. Patients
previously treated with risperidone or receiving opioid or
opioid‐containing analgesics were excluded from the
study, as were those with liver impairment, and pregnant
or breastfeeding women. Treatment was initiated in three
cohorts using a dose rising approach. Each of the three
dose levels included 15 subjects.

All 15 subjects in Cohort 1 (RBP‐7000 60 mg) were
dosed. Dosing of three subjects in Cohort 2 with RBP‐
7000 90 mg started after a safety and tolerability review of
the data from Day 1 to Day 15 of the RBP‐7000 60 mg
arm, provided there were no limiting safety concerns with
the 60 mg dose. A safety and tolerability review of the
data from Day 1 to Day 15 of the first three subjects in
Cohort 2 was performed before the remaining 12 subjects
were injected with RBP‐7000 90 mg. After safety and
tolerability review of the data from Day 1 to Day 15 of the
RBP‐7000 90 mg arm, three subjects in Cohort 3 were
injected with the next dose level of RBP‐7000 120 mg. A
safety and tolerability review of the data from Day 1 to
Day 15 of the first three subjects in Cohort 3 was
performed before the remaining 12 subjects were injected
with RBP‐7000 120 mg.

The PK time course of RBP‐7000 was characterized by
a double peak and a prolonged disposition/elimination
process. The two peaks occurred within 14 days from the
SC injection, indicating that the most relevant and critical
portion of the concentration‐time curves were reached
within this time interval. On this basis, the selection of
Day 15 for safety and tolerability review was made. In
addition, the decision to escalate the dose was based on the
results observed on three subjects because the safety
profile of risperidone was already known and only the
potential risk associated with the novel SC delivery system
was unknown. The observations in three subjects were
considered as sufficient to evaluate potential risk of AEs
associated with the rate of entry of RBP‐7000 into the
systemic circulation.

In this study, a total of 38 of 45 subjects (84.4%)
reported at least one treatment emergent adverse event
(TEAE): 10 subjects (66.7%) in the 60 mg treatment
group, 15 subjects (100%) in the 90 mg treatment group,
and 13 subjects (86.7%) in the 120 mg treatment group. A
total of 29 of 45 subjects (64.4%) reported TEAEs that
were considered by the investigator to be treatment
related: five subjects (33.3%) in the 60 mg treatment
group, 12 subjects (80.0%) in the 90 mg treatment group,
and 12 subjects (80.0%) in the 120 mg treatment group.
Most AEs were determined by the investigator to be mild
in intensity, and there were no severe AEs. No subject
reported serious adverse event or an AE that led to
discontinuation or withdrawal from the study. Only 3 of 45
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subjects (6.7%) reported an AE between the test dose and
the study drug injection: one subject (6.7%) in the 60 mg
treatment group reported an abnormal ECG T wave; one
subject (6.7%) in the 90 mg treatment group reported
diarrhea, and another subject in the 90 mg treatment group
had vomiting. All of these events were determined by the
investigator to be mild in intensity.

Blood Collection Schedule
Blood samples for risperidone and 9‐hydroxyrisperidone
PK assessments were collected on Day 1 at pre‐injection
(0 hour., within 15 minutes prior to dosing) and at 0.5, 1,
2, 3, 4, 6, 8, 12 hours post‐injection on Day 1; Day 2
(24 and 36 hours post‐injection) as well as on Days 3, 4, 5,
8, 11, 15, 18, 22, 25, 29, 36, 43, 50, 57, 64, 71, 78, and 85
(at approximately the same time of day as dosing).

The following windows were considered as acceptable
without deviation: �2 minutes for Day 1 up to Day 2,
�10 minutes for Days 3 through 15, and �2 days for
Days 18 through 85. Plasma concentrations were
determined using a validated liquid chromatography
with tandem mass spectrometry (LC–MS/MS) method.
The lower limit of quantitation (LLOQ) was 0.1 ng/ml for
risperidone and 0.1 ng/ml for 9‐hydroxyrisperidone. The
analytical methodology used for determining the risperi-
done and 9‐hydroxyrisperidone was based on the follow-
ing procedure: 0.05 ml human plasma containing internal
standards (d4‐Risperidone, d4‐9‐Hydroxyrisperidone) was
firstly acidified and then extracted using solid phase
extraction (SPE). Analysis requires evaporation of elute
solvent before being reconstituted. An aliquot of the extract
was injected onto a Sciex API 5500 LC–MS/MS equipped
with an HPLC column. Quantitation was performed using
weighted linear least squares regression analysis generated
from fortified plasma calibration standards prepared on the
day of extraction or in bulk and frozen. This method was
validated for a range from 0.1 to 100 ng/ml for both
Risperidone and 9‐Hydroxyriperidone. In addition, the
presence of concomitant medications reported in this study
was checked for interference. The Active Moiety concen-
trations were calculated as the sum of risperidone and its
metabolite corrected by molecular weight according to the
following formula: [Active Moiety] ¼ [risperidone] þ
[9‐hydroxyrisperidone] � (410/426).

CYP2D6 Genotype Testing
DNAwas extracted fromwhole blood samples of patients.
Briefly, all blood cells were lysed with hypotonic salt
solution, followed by the centrifugation and collection of
cell nuclei. The proteins were degraded in a proteinase
K‐sodium dodecyl sulfate solution. Residual proteins
were precipitated and the supernatant containing the DNA
was transferred and precipitated by 100% ethanol and
washed with 70% ethanol. 500 ml of Tris–EDTA buffer
(pH 8.0) was added to the dried, cleaned, and precipitated

DNA. DNAwas amplified with specific primers, and PCR
mixture was then treated with shrimp alkaline phosphatase
and exonuclease I to remove excess dNTPs and PCR
primers, followed by the SNaPshot (single nucleotide
primer extension) reaction and detected by ABI PRISM
3100 Genetic Analyzer. The normal (wild‐type) allele was
designated as CYP2D6�1. 7 null (loss of function) alleles
that are associated with the poor metabolizer phenotype:
CYP2D6�3, CYP2D6�4, CYP2D6�5 (gene deletion),
CYP2D6�6, CYP2D6�7, CYP2D6�8, and CYP2D6�14A
were analyzed. Five reduced activity alleles that are
associated with the intermediate metabolizer phenotype:
CYP2D6�9, CYP2D6�10, CYP2D6�14B, CYP2D6�17,
and CYP2D6�41 were analyzed. Besides, duplications of
the CYP2D6 gene were also detected without determina-
tion of the number of copies of the CYP2D6 gene.
Following characterization of CYP2D6 alleles, patient
CYP2D6 genotypes were converted to predicted
CYP2D6 phenotype classification of ultra‐rapid, exten-
sive, intermediate, and poor metabolizers as described
previously.11

Population Pharmacokinetic Analysis
The population PK model was developed to describe
simultaneously the concentrations of risperidone and its 9‐
hydroxy metabolite. All data preparation, summary
statistics (mean, median, standard deviation, and other
measures, as appropriate), logistic regression analysis,
report and graphical display presentation were performed
using R (version 2.14.1).12 The population PK analysis
was conducted using the NONMEM software, Version
7.2.13 NONMEM was run in a Windows Vista operating
system using the Fortran compiler gfortran version 4.6.0.
Diagnostic graphics, exploratory analyses and post‐
processing of NONMEM outputs were performed using
R and Xpose (version 4.3).14 The Perl based software Perl‐
speaks‐NONMEM (PsN) (version 3.4.2) was used to
perform bootstrapping and visual predictive checks.15

The first order conditional estimate with interaction
method (FOCE‐I) was used for model building. The
appropriateness of model was evaluated using various
goodness‐of‐fit criteria, including diagnostic scatter plots,
likelihood–ratio‐test (LRT), and measures of model
stability and adequacy (successful convergence, signifi-
cant digits, matrix singularity). The results for LRT were
considered statistically significant if decreases in the
objective function value (OFV) of nested models were
more than 3.84 (P < .05, one degree of freedom)
throughout the model building process.

The inter‐individual variability (IIV) on all the model
parameters was assumed log‐normally distributed. The
residual variability, which comprised of, but was not
limited to intra‐individual variability, experimental errors,
process noise and/or model misspecifications, was
modeled using additive, proportional, and combined error

1012 The Journal of Clinical Pharmacology / Vol 53 No 10 (2013)



structures. The “combined additive and proportional
error” was retained in the final model.

Covariate Analysis
The following variables: age, gender, phenotype, weight,
body mass index (BMI), and dose were considered in the
covariate analysis. Covariate model building was a step‐
wise process consisting of a forward and a backward
selection procedure. The likelihood ratio test was used to
evaluate the significance of incorporating or removing
fixed effects into the population model based on alpha
levels that were set a priori. Initially, each covariate was
individually included in the base model. A covariate was
retained into the model if a reduction in the objective
function value (OFV) was �3.84 (x2 < 0.05). After the
full model was defined, the significance of each covariate
was tested individually by removing each one at the time
from the full model. A covariate was retained in the model
if, upon removal, the OFV increased by more than 6.64
points (x2 < 0.001).

Model Evaluation
A non‐parametric bootstrap resampling method was used
to evaluate the stability and robustness of the final PK
model. Resampling with replacement generated 500
bootstrap data sets and the final population PK model
was fitted repeatedly to each of the 500 bootstrap data sets.
The median and 95% confidence intervals of parameters
obtained from this step were compared with the final
parameter estimates. In addition, the visual predictive
check (VPC) with 500 simulated datasets was also
performed. Results from the VPC were assessed using
graphical comparison of the appropriate 90% prediction
interval from simulated data was visually explored in
comparison with overlaid observed data from the original
dataset.

Base Structural Model Development
Absorption. Results from the Phase I study showed that

human risperidone concentration‐time profiles after
subcutaneous injection using the ATRIGEL1 Delivery
System exhibited complex kinetics of risperidone and 9‐
hydroxyrisperidone presenting a double peak and a
prolonged disposition/elimination process. This profile
suggested that the likely PK model needs to account for a
dual absorption process: the first one associated with a
rapid delivery from the injection site (first order absorption
process) and the second one associated with the slow
delivery from the ATRIGEL1 Delivery System (delayed
delivery process described by a transit compartment
absorption model).16

Disposition and metabolism. The base risperidone model
tested was a one‐compartment model with the absorption
sub‐model previously described, first‐order elimination,
and a first‐order conversion to 9‐hydroxyrisperidone. This

metabolite was subsequently eliminated according to a
first‐order process.17 A two‐compartment disposition
model was also evaluated for risperidone. This provided
better fitting in term of OVF and goodness‐of‐fit criteria.
This model was finally retained.

PK/PD modeling. PK/PD analyses were conducted to
estimate the relationship between Active Moiety and: (1)
DA D2 receptor occupancy, (2) occurrence of adverse
events, and (3) prolactin level.

PK/D2 receptor occupancy. The level of DAD2‐receptor
occupancy is recognized as one of the drivers of the clinical
efficacy and safety response to antipsychotic drugs. The
currently accepted hypothesis is that the DA D2‐receptor
occupancy in the striatum should lie between 65% and
80% for optimal antipsychotic effect and minimal side
effects; the lower threshold is required for clinical efficacy,
whereas exceeding the higher threshold leads to an
increased risk of side effects, in particular, extrapyramidal
symptoms (EPS).18 The relationship between Active
Moiety concentrations and the striatal DA D2‐receptor
occupancy was described by an Emax model:

RO ¼ Romax
C

Kd þ C

Where RO is the DA D2 receptor occupancy, C is the
Active Moiety plasma concentration and Kd is the
apparent equilibrium dissociation constant, which is the
Active Moiety plasma concentration at which 50% DA
D2‐receptor occupancy is observed. ROmax is the maximal
receptor occupancy that can be achieved. The value of
ROmax was fixed to 100% in the model. The Kd parameter
value was estimated using Active Moiety and DA D2 RO
data derived from the literature.19

PK/adverse events. The relationship between PK expo-
sure and adverse events was only investigated for the AEs
presenting an incidence>10% in the Primary SystemOrgan
Class. These AE classes included: general disorders and
administration site conditions, nervous system disorders,
elevated ALT‐AST‐GGT, and gastrointestinal disorders. A
logistic model was used to describe the probability (P) of
observing an AE considering the individual PKmetric (Cmax

and Caverage) as potential predictor variables. The probability
P was estimated by the model:

l ¼ u1 þ u2 � PK

p ¼ el

1þ el

Where: l is the logit function, u1 is the intercept of the
logistic function, and u2 is the coefficient of the predictor
variable.

PK/prolactin model development. The elevation of blood
prolactin levels in patients treated with risperidone
is hypothesized to result from its antagonism of
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dopaminergic activity. A PK/Prolactin model characteriz-
ing the relationship between serum prolactin and Active
Moiety concentrations was developed. This was an Emax

model:

Prolact ¼ Basþ EMAX
C

Cþ EC50

Where: C is the Active Moiety plasma concentration,
Prolact is the serum prolactin concentration, EC50 is the
Active Moiety concentration at which the serum prolactin
reaches 50% of the maximal achievable value (defined by
the Emax parameter).

The effects of gender on EC50, Bas, and Emax were
tested against the base model in a stepwise manner.

Results
Subjects Characteristics
Descriptive statistics of the demographic data of the 45
subjects included in the analysis are shown in Table 1. The
overall age range of the subjects was 18–61 years and the
mean agewas 43 years. The overall mean bodyweight was
88.7 kg and the range of body weights was 63.4–127 kg.
There were 13 female and 32 male participants who
received RBP‐7000. The majority of the subjects were
Black or African American (96%) with only 4% of White
subjects.

A total of 40 out of 45 subjects (88.9%) were taking a
concomitant medication at the time of injection with RBP‐

7000. The most frequently used concomitant medications
(as per the Anatomical Therapeutic Chemical classifica-
tion system Level 4 of the World Health Organization
dictionary) were diazepines, oxazepines, thiazepines, and
oxepines (28 subjects, 62.2%); benzodiazepine deriva-
tives (10 subjects, 22.2%); and benzodiazepine‐related
drugs (nine subjects, 20.0%). After the injection with
RBP‐7000, 28 subjects (62.2%) received a concomitant
medication. The most frequently used concomitant
medications after injection with RBP‐7000were propionic
acid derivatives and benzodiazepine derivatives (10
subject each, 22.2%). Nine of the 10 subjects who
received benzodiazepine derivatives were in the 90 mg
and 120 mg RBP‐7000 group (one in 60 mg, three in
90 mg, and six in 120 mg group). We considered the
opportunity for including the comedications as covariate.
However, the large majority of subjects with comedica-
tions received a combination of comedications, and this
creates methodological concerns for using comedications
in the covariate analysis.

Individual were categorized as a function of their
metabolic efficiency using the CYP2D6 gene codes for
debrisoquine hydroxylase, a cytochrome P450 enzyme
that is responsible for the oxidative metabolism of various
compounds. Variations in the CYP2D6 gene (i.e., allelic
differences) lead to inter‐individual differences in drug
metabolism and response. Individuals with two copies
(alleles) of the most common (wild type) DNA sequence
of a particular CYP450 enzyme gene resulting in an active
molecule were termed extensive metabolizers (EMs;
normal). Poor metabolizers (PMs) lack active enzyme
gene alleles, and intermediate metabolizers (IMs), who
have one active and one inactive enzyme gene allele, may
experience to a lesser degree some of the consequences of
poor metabolizers. Ultra‐rapid metabolizers (UMs) were
the individuals with more than two alleles of an active
enzyme gene. A descriptive analysis indicated that
the large majority of subjects (91%) were Normal or
Intermediate Metabolizers. An exploratory analysis was
conducted to evaluate the potential impact of CYP2D6
phenotype on the pharmacokinetics time‐course of the
Active Moiety. The results of this analysis indicated no
apparent separation on the PK profiles for the normal and
intermediate metabolizers. This is the reason why
CYP2D6 was not considered as a potential covariate in
the present analysis.

Final Population PK Model
The population PK characteristics of risperidone and 9‐
hydroxyrisperidone resulting from a SC injection of RBP‐
7000 were described by a system of eight differential
equations graphically presented in Figure 1. The model
equations are shown in the Supplemental Materials.

The final population PK parameter estimates for the
fixed‐effect, the random‐effect parameters, and the error

Table 1. Summary Statistics of Demographic Data of PK Population

N ¼ 45

Age (years) [std. err.] 43 (1.6)
Weight (kg) [std. err.] 88.7 (2.0)
BMI (mg/m2) [std. err.] 28.4 (0.5)
Gender (%)
Female 28.9
Male 71.1

Race (%)
Black or African American 95.6
White 4.4

Smoking consumption habits (%)
Currently 75.6
Formely 6.7
Never 17.8

Alcoohol consumption habits (%)
Currently 42.2
Formely 37.8
Never 20.0

Phenotype (%)
Poor metabolizers 2.2
Normal metabolizers 53.3
Intermediate metatbolizers 37.8
Ultra metabolizers 6.7
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model parameters together with the results of the non‐
parametric bootstrap are presented in Table 2. The effect
of BMI on ka1 and ka2 and the effect of Dose on V2
(volume of risperidone) and V3 (volume of 9‐hydroxyr-
isperidone) were the only significant covariate factors
identified in this analysis. The estimated dose dependence
on the volume of distribution of risperidone and 9‐
hydroxyrisperidone can be reasonably associated with a

dose‐dependent increase in the bioavailability of RBP‐
7000 considering that the volume of distribution of
risperidone and 9‐hydroxyrisperidone were not identified
as dose dependent parameters.17

The rational for the explore BMI as a potential
covariate for the absorption process was based on the
population PK analysis conducted on other long‐lasting
antipsychotics administered subcutaneously where BMI
was identified as a statically significant covariate affecting
the absorption.20

The relationship between the typical values (Ptv) of
model parameters (Ptv ¼ka1, ka2, Dose) and covariate
(Cov) was tested using the following exponential
relationship:

Ptv ¼ P1 � eð�P2�CovÞ

Where P1 and P2 are the estimated fixed‐effect
parameters. The structural form of the covariate model
was selected based on an exploratory analysis on the
relationship between the individual estimates of ka1, ka2,
and Volume with the individual covariate values.

Figure 1. Population PK model for RBP‐7000.

Table 2. Final Population PK Parameter Estimates (SE, Standard Error of the Parameter Estimates; 95% CI, 95% Confidence Interval of the Parameter
Estimates)

Parameter

Model Non‐Parametric Bootstrap (500 Replicates)

Estimate (SE) Median 95% CI (Lower Limit)
95% CI

(Upper Limit)

Fixed‐effect
ka1 (h‐1) 0.60 (0.665) 0.61 0.138 24.842
ka2 (h‐1) 0.24 (0.157) 0.28 0.061 7.798
krel (h‐1) 0.03 (0.031) 0.03 0.002 0.060
V3 (l/1,000) 0.19 (0.120) 0.19 0.112 0.256
ktr (h‐1) 0.03 (0.003) 0.03 0.025 0.033
krrp (h‐1) 0.59 (0.103) 0.53 0.082 0.704
krpr (h‐1) 0.01 (0.005) 0.01 0.007 0.047
kr9 (h‐1) 0.10 (0.055) 0.10 0.005 0.162
k9el (h‐1) 0.07 (0.005) 0.07 0.057 0.075
BMI on ka1 0.16 (0.033) 0.15 0.102 0.204
BMI on ka2 0.068 (0.026) 0.069 0.018 0.123
DOSE on V2 and V3 0.007 (0.006) 0.007 0.003 0.010
V2 (l/1,000) 1.78 (0.943) 1.82 1.207 37.948

Random‐effect
ka1 0.25 (0.113) 0.24 0.105 0.451
ka2 0.12 (0.058) 0.12 0.022 0.382
krel 0.18 (0.184) 0.14 0 0.475
V3 0.07 (0.026) 0.06 0.028 0.099
ktr 0.16 (0.033) 0.16 0.111 0.279
krrp 0.52 (0.290) 0.47 0.125 0.992
krpr 0.24 (0.105) 0.20 0.068 0.435
kr9 0.57 (0.356) 0.57 0.134 1.268
k9el 0.11 (0.094) 0.10 0.027 0.252

Residual error
Proportional 0.07 (0.034) 0.07 0.011 0.128
Additive 0.34 (0.017) 0.34 0.302 0.369
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The adequacy of the final model, including the effects
of statistically significant covariates was evaluated using
the visual predictive check method. Five‐hundred repli-
cates of the original dataset were simulated based on the
final model, and a 90% prediction interval was computed
based on the simulated datasets. The observed concen-
trations versus time data were plotted on the prediction
interval to visually assess the concordance between the
simulated and observed data. Statistics of interest
including the median were calculated from the simulated
and observed data for comparison. The median population
prediction and distributions of quantiles (5th, median,
95th) of simulated data were compared graphically to the
observed data as shown in Figure 2.

PK/D2 Receptor Occupancy
Pharmacokinetics and DA D2‐receptor occupancy of
long‐acting injectable risperidone (Risperdal1 Consta1)
were derived from a study conducted in patients with
schizophrenia.19 In this study, 13 patients received
injections of 25, 50, or 75 mg of LAI risperidone
(Risperdal1 Consta1) every 2 weeks. Brain DA D2‐
receptor occupancy was assessed with [11C]Raclopride
2 weeks after the last (fifth) injection (Day 71) in seven
subjects and 2 weeks after the third injection (Day 44) in

one subject. The analysis of the PK/D2 RO estimated a kd
parameter of 10.1 (ng/ml) with a standard error of 0.31 and
a 95% confidence interval of 9.79–10.41.

PK/Adverse Events Model
The relationship between Active Moiety exposure and
AEs was only investigated for the AEs presenting an
incidence >10%. The AEs considered were: general
disorders and administration site conditions, nervous
system disorders, elevated ALT‐AST‐GGT, and gastroin-
testinal disorders.

Among the different AEs, the logistic analysis
identified Cmax as the only statistically significant
predictor (P ¼ .01381) of the probability of the occur-
rence of GI disorders. The results of the logistic analysis
are shown in the Figure Supp_1 in the Supplemental
Materials.

PK/Prolactin Model
The effect of Gender on Emax was the only significant
covariate factor identified in this analysis. The population
parameter estimates obtained from the final model are
summarized in Table 3.

VPCs were performed usingMonte Carlo simulation in
NONMEM based on the population PK/Prolactin

Figure 2. Visual predictive check for risperidone (upper panel) and 9‐hydroxyrisperidone (lower panel). The red lines represents the 5th, 50th, and
95th percentiles of the observed data (blue circles), the shaded gray areas are the 95% confidence intervals of the 5th and 95th percentiles of the
simulated data, and the pink shaded areas are the 95% confidence intervals of the 50th percentiles of the simulated data.
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parameters of the final PK/Prolactin model to simulate
serum prolactin concentration/active‐moiety profiles.
Figure 3 shows the VPC overlaid plots of simulated and
observed prolactin concentrations by gender versus Active
Moiety concentration following single SC dose admin-
istrations of RBP‐7000 at 60, 90, and 120 mg. The VPC
showed that the model performed well for both genders. In
the two groups, the 5th, 50th, and 95th percentiles were
reasonably well predicted indicating that the population
model properly describe the observed data.

Discussion
The objective of this analysis was to develop a model‐
based approach to aid the definition of the clinical
development plan for RBP‐7000. This strategy was

implemented by using population PK and population PK/
PD models of RBP‐7000 using data obtained from
clinically stable schizophrenic patients enrolled in a Phase
I, open label, single center, single ascending dose study at
risperidone doses of 60, 90, and 120 mg.

To address these objectives, three models were
developed to describe the link between the Active Moiety
concentration and: (1) the DA D2‐receptor occupancy
using literature data, (2) serum prolactin concentrations,
and (3) the probability of observing adverse events.

The analysis of the PK profile of RBP‐7000 revealed a
complex and multi‐phase absorption profile, presenting
double peaks and a prolonged disposition/elimination
process. These distinguishing features of the PK of RBP‐
7000 required the development of a complex PK model
accounting for these dual absorption processes: a first

Table 3. PK/Prolactin Model: Final Population PK Parameter Estimates (EC50, Active Moiety Concentration at Which the Serum Prolactin Reaches
50% of the Maximal Achievable Value; Bas, Baseline Prolactin Concentration; Emax 1, Maximum Prolactin Value Estimated in Man; Emax 1 þ Emax 2,
Maximal Prolactin Value Estimated in Woman; SE, Standard Error; 95% CI, 95% Confidence Interval of the Parameter Estimates)

Parameter

Model Non‐Parametric Bootstrap (500 Replicates)

Estimate(SE) Median 95% CI (Lower Limit) 95% CI (Upper Limit)

Fixed effect
EC50 (ng/ml) 39.34 (12.4) 39.26 21.18 70.22

Emax 1 (ng/ml) 95.73 (22.7) 95.81 64.50 153.72
Bas (ng/ml) 7.86 (0.6) 7.79 6.84 9.07
Emax cov (ng/ml) 126.79 (37.4) 122.91 69.04 210.03

Random effect
EC50 0.17 (0.07) 0.16 0.03 0.30
Emax 0.09 (0.06) 0.09 0.01 0.21
Bas 0.20 (0.06) 0.19 0.10 0.30

Residual error
Proportional 0.07 (0.02) 0.06 0.03 0.10
Additive 2.84 (2.04) 2.81 0.44 9.90

Figure 3. Visual predictive check plots for serum prolactin versus Active Moiety concentration stratified by gender. The red lines represents the 5th,
50th, and 95th percentiles of the observed data (blue circles), the shaded blue areas are the 95% confidence intervals of the 5th and 95th percentiles of
the simulated data, and the pink shaded areas are the 95% confidence intervals of the 50th percentiles of the simulated data.
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absorption process that was associated with an initial rapid
delivery from the subcutaneous injection site and a second
absorption process that was associated with a slow release
from the ATRIGEL1 Delivery System into the systemic
circulation.

The covariates analysis provided important insights on
the absorption process of RBP‐7000: BMI was identified
as a statistically significant covariate affecting the
magnitude of the two peaks of the PK concentration‐
time curve for both risperidone or for 9‐hydroxyrisper-
idone. Patients with smaller BMI showed a higher initial
peak. Increasing the BMI from 20 to 33 kg/m2 reduced the
first peak by a factor�80% for both risperidone and for 9‐
hydroxyrisperidone. The second peak of the concentra-
tion‐time curve was only marginally affected by changes
in BMI.

In addition, the covariate analysis showed that the
volumes of distribution of risperidone and of 9‐hydrox-
yrisperidone decrease with the increase of the dose of
RBP‐7000. This dose dependence can be reasonably
associated to a dose‐dependent increase in the bioavail-
ability of RBP‐7000 considering that the volumes of
distribution of risperidone and 9‐hydroxyrisperidone were
not identified as dose dependent parameters in a
population PK analysis previously published.15 Therefore,
the overall effect was that the RBP‐7000 exposure
increased slightly more than dose proportionally.

The results of a preliminary exploratory analysis
indicated a correlation between increasing exposure of
the Active Moiety and the occurrence of gastrointestinal
disorders. These findings were confirmed by the logistic
analysis where Cmax was identified as statistically
significant predictor (P ¼ .01381) of the probability of
the occurrence of gastrointestinal disorders. The total
Active Moiety average Cmax values were 25.8 and 42 ng/
ml at the doses of 90 and 120 mg, respectively. With this
level of exposure, the estimated probability of observing
gastrointestinal disorders was �20% and �40% for the
two RBP‐7000 doses, respectively.

The incidence of GI disorder is similar to the one
reported for other long lasting antipsychotics. For
example, Risperdal1 Consta1 presents an incidence of
GI disorders of �20% and �27% at the clinical doses of
25 and 50 mg, respectively (Risperdal1 Consta1 label:
http://www.accessdata.fda.gov/drugsatfda_docs/label/
2010/021346_s31_s35_s38_s39lbl.pdf). These data indi-
cate the clinical dose of RBP‐7000 should lie between 90
and 120 mg.

DA D2‐receptor occupancy levels are recognized to be
one of the key drivers of the clinical efficacy and safety
response to antipsychotic drugs. The currently accepted
hypothesis is that the D2‐receptor occupancy in the
striatum should lie between 65% and 80% for optimal
antipsychotic effect and minimal side effects. A model
linking circulating the concentration of the Active Moiety

to the D2‐receptor occupancy was derived using data
published on LAI risperidone (RISPERDAL1 CON-
STA119). This model was subsequently applied to the
Active Moiety plasma concentrations predicted by the
population model developed for RBP‐7000 in order to
estimate the D2‐receptor occupancy to be expected after
administration of different doses and dosage regimens of
RBP‐7000. The simulated D2‐receptor occupancy after
repeated doses of 90 and 120 mg once a month was in the
60–80% range. These data together with the exposure
response analysis on the incidence of AEs suggested that
the clinical dose of RBP‐7000 should lie between 90 and
120 mg.

Elevations in serum prolactin levels (hyperprolactine-
mia) are a common side effect of risperidone treatment. In
patients with schizophrenia, the adverse effects of
antipsychotic‐induced hyperprolactinemia on physical
health are gaining attention. On this basis, it appeared
of interest to develop a PK/PD model to quantitatively
assess the changes in serum prolactin secondary multiple
RBP‐7000 administrations. The population PK/prolactin
analysis demonstrated that prolactin data collected from
subcutaneous injections of RBP‐7000 were best described
by an Emax model.

The effects of gender on EC50 [the Active Moiety
concentration associated with 50% of maximal change in
prolactin (Emax)], Baseline (prolactin baseline), and Emax

were tested against the base model in a stepwise manner.
As expected, gender was a statistically significant
covariate associated with Emax. The mean Emax was
95.7 ng/ml in males and 222.7 ng/ml in females,
respectively. The serum prolactin levels increased/
decreased with the increased/decreased values of the
Active Moiety concentrations. Simulations of the ex-
pected serum prolactin levels after multiple RBP‐7000
injections indicated that the average serum prolactin will
be approximately 26, 36, or 47 ng/ml in males upon RBP‐
7000 administration of 60, 90, or 120 mg, respectively; in
females, the average serum prolactin values will approxi-
mately be 50, 74, and 98 ng/ml, respectively.

In summary, a comprehensive model‐based approach
was developed to describe the population PK of RBP‐
7000 in clinically stable schizophrenic patients and to
define the relationships between Active Moiety and serum
prolactin and DA D2‐receptor occupancy. The results of
the analysis provided a new insight on the long‐acting PK
and PK/PD profile of RBP‐7000, a new sustained‐release
(once‐monthly injection for subcutaneous administration)
formulation of risperidone. These findings indicated that
RBP‐7000 has the potential for becoming an effective
treatment of schizophrenia by addressing the compliance
issues associated with oral treatment, both for ongoing
treatment and for transitioning (switching) from LAI
risperidone. Based on the population models, clinical trial
simulations can be developed and applied to address key
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clinical development questions related to RBP‐7000,
including the selection of a clinically efficacious dose, the
dosing strategy in a repeated dose study, and dose
adjustments in a subpopulation of patients with renal
impairment. As a general statement of caution, the small
sample size of the population enrolled in the Phase 1 study
represents a limit for the generalization of the findings
derived from the population PK and the population PK/PD
analyses presented here.
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Figure S1. Predicted probability of GI AE (solid blue line)
with the 95% confidence intervals (shaded gray area) as a
function of Cmax.
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