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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Risperidone metabolism is affected by blocking

CYP2D6 and CYP3A4 (in CYP2D6 poor metabolizers)
metabolizing enzymes.

• Age affects risperidone disposition and renal function
affects elimination of 9-hydroxy-risperidone (primary
active metabolite).

WHAT THIS STUDY ADDS
• The detection of a systematic shift in estimated

apparent clearance in the African-American population
(it is not clear if there are biological or sociological
contributors), and a shift in the clearance rate of
risperidone based on concomitant administration of
paroxetine, manifested as a change in assignment to a
different metabolizer subpopulation group that may be
primarily related to CYP2D6 metabolizer status.

• The study shows an age-related decrement in
9-hydroxy-risperidone clearance across a wide range of
ages.

• Information on the nature of the pharmacokinetic
variability with risperidone when used in a typical
clinical patient population.

• There are significant differences in the absolute values
as well as the assignment to metabolizer status across
race and concomitant paroxetine administration.

AIMS
To characterize pharmacokinetic (PK) variability of risperidone and 9-OH risperidone
using sparse sampling and to evaluate the effect of covariates on PK parameters.

METHODS
PK analysis used plasma samples collected from the Clinical Antipsychotic Trials of
Intervention Effectiveness. A nonlinear mixed-effects model was developed using
NONMEM to describe simultaneously the risperidone and 9-OH risperidone
concentration–time profile. Covariate effects on risperidone and 9-OH risperidone PK
parameters were assessed, including age, weight, sex, smoking status, race and
concomitant medications.

RESULTS
PK samples comprised 1236 risperidone and 1236 9-OH risperidone concentrations
from 490 subjects that were available for analysis. Ages ranged from 18 to 93 years.
Population PK submodels for both risperidone and 9-OH risperidone with first-order
absorption were selected to describe the concentration–time profile of risperidone
and 9-OH risperidone. A mixture model was incorporated with risperidone clearance
(CL) separately estimated for three subpopulations [poor metabolizer (PM), extensive
metabolizer (EM) and intermediate metabolizer (IM)]. Age significantly affected 9-OH
risperidone clearance. Population parameter estimates for CL in PM, IM and EM were
12.9, 36 and 65.4 l h-1 and parameter estimates for risperidone half-life in PM, IM and
EM were 25, 8.5 and 4.7 h, respectively.

CONCLUSIONS
A one-compartment mixture model with first-order absorption adequately described
the risperidone and 9-OH risperidone concentrations. Age was identified as a
significant covariate on 9-OH risperidone clearance in this study.
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Introduction

The atypical antipsychotics represent the first class of
medications with significant advantages over previously
developed neuroleptics.Large interindividual pharmacoki-
netic (PK) variability for antipsychotic drugs is commonly
observed in routine therapeutic drug monitoring. This
represents a significant clinical challenge in the treatment
of psychiatric illness. An adequate understanding of the
effects of a drug is contingent upon the characterization of
PK data. Clinical studies suggest that plasma levels of ris-
peridone correlate with adverse drug effects [1]. Thus,
understanding the variability in drug exposure under
typical treatment conditions is important for clinical effec-
tiveness studies.

Risperidone is an atypical antipsychotic with selective
antagonistic properties at serotonin 5-HT2 and dopamine
D2 receptors [2, 3]. Some studies have suggested that
risperidone is effective in the treatment of both positive
and negative symptoms of schizophrenia and has fewer
adverse drug effects compared with classic antipsychotics
[2].

Many factors may influence risperidone plasma con-
centrations, such as age and renal function. Aichhorn [4]
demonstrated that the concentration–dose ratio was
increased by 34.8% per decade in patients >42 years old,
although specific PK parameters were not assessed.
Another study found that the half-life and area under the
curve (AUC) of risperidone were increased in those with
renal impairment compared with healthy subjects [5].

CYP2D6 polymorphisms may potentially have an
impact on risperidone PK, as risperidone is primarily
metabolized by CYP2D6 and to a lesser extent by CYP3A4.
The formation of its major active metabolites, 9-
hydroxyrisperidone (9-OH-RISP) is predominantly due to
CYP2D6 [6, 7]. Drugs altering CYP2D6 or CYP3A4 activities
may interact with risperidone [8].Wang et al. [9] conducted
a population PK analysis in CF1 mice to evaluate the drug–
drug interactions between risperidone and CYP2D6 inhibi-
tors (bupropion and sertraline). The results showed that
AUC and elimination half-life were increased with con-
comitant administration of these 2D6 inhibitors. Saito et al.
[10] have reported dose-dependent interaction of parox-
etine with risperidone concentrations in schizophrenic
patients. Spina et al. [8] have demonstrated that the levels
of the active moiety (sum of the concentrations of risperi-
done and 9-OH-RISP) increased by 75% in schizophrenic
patients taking risperidone with fluoxetine compared with
risperidone alone. Moreover, de Leon et al. [11] have
reported that the CYP2D6 poor metabolizer (PM) pheno-
type may be associated with risperidone adverse drug
reactions and discontinuation, which may be due to high
concentrations of risperidone resulting from the lack of
CYP2D6 enzyme activity in the PM population. Other
investigators have developed a mixture model for risperi-
done elimination in bipolar patients receiving risperidone.

The subpopulations of clearance rate were described as
being analogous to the unmeasured CYP2D6 metabolizer
genotype/phenotype [12].

The characterization of the sources of variability in both
risperidone and 9-OH risperidone using highly sparse con-
centration sampling has not been reported. In this study,
we applied a nonlinear mixed-effect modelling approach
to characterize risperidone and its metabolite PK in the
Clinical Antipsychotic Trials of Intervention Effectiveness
(CATIE) trials for Alzheimer’s disease (AD) and schizophre-
nia (SZ).

The mixed-effect population PK approach permits
study of the sources and correlates of variability in plasma
concentrations between individuals [13]. Compared with
the traditional PK methods, population PK is more suitable
for analysing large-scale clinical trials, where only a few
samples are available per subject.

The purpose of this study was (i) to apply a nonlinear
mixed-effect modelling approach to describe simulta-
neously risperidone and 9-OH risperidone PK parameters
using limited sampling in a large number of subjects from
the CATIE clinical trials, and (ii) to evaluate the impact of
covariates including age, weight, sex, race, concomitant
medications and smoking status on risperidone and 9-OH
risperidone PK parameters.

Subjects and methods

CATIE comprises two separate trials investigating the com-
parative effectiveness of new atypical antipsychotics in
patients suffering from either AD or SZ [14–16]. Approxi-
mately 2250 patients were enrolled in these studies (450 in
CATIE-AD Trial and 1800 in CATIE-SZ Trial) and a fraction of
these individuals were randomized to receive risperidone.
One to six random plasma samples per subject were
obtained. The methods for the CATIE trial have been pub-
lished in detail previously [14–16]. Brief descriptions of
both studies are given below.

CATIE-AD study
The AD trial was a randomized, parallel group, double-
blind study comparing olanzapine, quetiapine, risperidone
and placebo in AD outpatients with delusions or hallucina-
tions and/or clinically significant aggression or agitation. It
used a treatment algorithm approach consisting of three
phases, each of which may last up to 12 weeks. Medication
changes were allowed after 2 weeks for patients who had
suboptimal responses or experience side-effects. Three
plasma levels were designated to be taken at weeks 2, 4
and 12 or when a medication switch was made.

CATIE-SZ study
The CATIE-Schizophrenia Trial was a randomized, double-
blind study that evaluated the effectiveness of atypical and
conventional antipsychotics over an 18-month period
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in patients with SZ. Subjects (aged 18–65 years) were
included if they met the Diagnostic and Statistical Manual
of Mental Disorders-IV diagnosis of SZ. Patients were ini-
tially randomized to perphenazine, olanzapine, quetiapine,
risperidone or ziprasidone for up to 18 months of treat-
ment. This study consisted of three phases. In the event
of treatment failure, patients had the option of being
re-randomized to a new treatment in phase II or were
offered an open-label treatment not previously received in
phase I. Patients who entered phase III of the study were
offered an open-label treatment not previously received in
the study (in either phases I or II). Treatment options for
phase II included one of the new atypicals (not received in
phase I) or clozapine. Phase III treatment options included
one of the new atypicals (not received in phases I or II),
clozapine, fluphenazine decanoate, or dual (risperidone or
perphenazine augmentation) antipsychotic therapy. The
CATIE-SZ protocol included obtaining random blood
samples for antipsychotic levels every 3 months for a total
of up to six samples per patient.

Analytical procedures

Risperidone and 9-OH-RISP plasma concentrations were
determined using a highly sensitive and specific LC-MS-MS
method with a detection limit of 0.1 ng ml-1 [14]. After
a simple one-step extraction, samples were injected onto
a Perkin-Elmer LC-MS-MS using a phenyl-hexyl high-
performance liquid chromatogrphy column, 50 ¥ 4.6 mm.
Quantitative analysis was carried out by multiple reaction
monitoring mode using ion transitions for risperidone m/z
411→191, for 9-OH-RISP m/z 427→207 and for the internal
standard m/z 421→201. The assay was linear for both ris-
peridone and 9-OH-RISP over the range of 0.1–100 ng ml-1

when 0.5 ml of plasma was used in the extraction. The
overall intra- (within-day) and interassay (between-day)
variations were <11%. The variations in the concentrations
of two long-term quality control plasmas analysed over a
period of 6 months were ~10% [17].

Population pharmacokinetic
analysis

The population PK analysis includes the base model and
final (covariate) model development. The base model
defines the PK parameters and describes the plasma
concentration–time profile. The final model describes the
influence of fixed effects (i.e. demographic factors) on the
PK parameters. Analysis platform, minimization methods
and model building criteria are described below.

Analysis platform
Nonlinear mixed effects modelling was used for the popu-
lation PK analysis using the NONMEM computer program

(Version 5, level 1.1; GloboMax, Hanover, MD, USA) [18, 19].
The models consisted of a structural model that described
the disposition of the drug following oral administration,
and a pharmacostatistical model that described the inter-
and intra-individual variability. Diagnostic graphics, explor-
atory analyses and post-processing of NONMEM outputs
were performed using S-PLUS (Version 6.2; Insightful,
Seattle, WA, USA).

Minimization methods and model
building criteria
The first order estimation method (FO) was used for
model building. The adequacy of the developed structural
models was evaluated using both statistical and graphical
methods.The likelihood ratio test was used to discriminate
between alternative models. The likelihood ratio test was
based on the property that the ratio of the NONMEM objec-
tive function values (OFV) (-2 log-likelihood) was asymp-
totically c2 distributed. An objective function decrease of
7.88 units was considered significant (c2 P < 0.005, d.f. = 1).
Standard errors for all parameters were obtained using the
covariance option in NONMEM.The modelling approach is to
determine the most parsimonious model that adequately
describes the data.

Base model development

The population PK model for risperidone and its 9-OH
risperidone was developed to describe simultaneously
risperidone and its 9-OH metabolite concentrations.

Structural PK model
The structural PK model represents the best description of
the data without considering the effect of subject-specific
covariates. The population PK analysis was performed
using NONMEM [18, 19]. In order to describe the PK for both
risperidone and its 9-OH risperidone, three PK disposition
models were tested: (i) a standard one-comparment model
with subroutine ADVAN2 TRANS2 (risperidone parent
only); (ii) a standard two-comparment model with subrou-
tine ADVAN4 TRANS4 (risperidone parent only); and (iii) a
mixture model to distinguish subpopulations related to
CYP2D6 polymorphisms with subroutine ADVAN5 (both
risperidone and 9-OH risperidone).

In the mixture model, risperidone clearance (CL) and
fraction of risperidone to 9-OH risperidone (KF) were sepa-
rately estimated for CYP2D6 subpopulations [PM, interme-
diate metabolizer (IM) and extensive metabolizer (EM)].

Interindividual variability
The interindividual variability (IIV) model describes the
unexplained random variability in individual values of
structural model parameters. It was assumed that the IIV of
the PK parameters was log-normally distributed. The rela-
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tionship between a PK parameter (P) and its variance could
therefore be expressed as shown below:

P P ej TV
P= × η

where Pj is the value of PK parameter for the jth individual,
PTV is the typical value of P for the population, and hP

denotes the difference between Pj and PTV, independently,
which was identically distributed with a mean of zero and
variance of wP

2.

Intra-individual variability
The residual variability, which was comprised of, but not
limited to, intra-individual variability, experimental errors,
process noise and/or model misspecifications, was mod-
elled using additive, proportional and combined error
structures as described below:

Additive error: yij = ŷij + eij

Proportional error: yij = ŷij(1 + eij)
Combined additive and proportional error:
yij = ŷij(1 + eij) + eij′

where yij is the jth observation in the ith individual, ŷij is the
corresponding model prediction, and eij (or eij′) is a nor-
mally distributed random error with a mean of zero and a
variance of s2. A unique residual error model was tested for
both the parent and metabolite in this model.

Final model development

The final model was developed by testing the effect of
subject-specific covariates, including age, weight, sex,
smoking status, race and concomitant medications, on PK
parameter estimates. The two types of covariate, including
continuous covariates (e.g. age and weight) and discrete
covariates (e.g. sex, and race), were introduced into each
parameter in a stepwise fashion.

The relationship between the typical value of a param-
eter (PTV) and a continuous valued covariate (R) was tested
using the following relationship

P P P R RTV ref= ∗ ∗( )( )1 2exp

where P1 and P2 are estimated fixed-effect parameters, and
Rref is a reference value of the covariate.The reference value
for a covariate was specified to be a nominal value that
approximates the median for the covariate.

The relationship between the population average
value of a parameter and categorical covariate (R) was
tested using the following relationship:

P P Pavg m
I

m

M
m=

=
∏1

2

where Pi (i = 1, . . . , M) are fixed-effect parameters, and Im

are indicator variables, where Im = 1 for the mth category
and 0 otherwise.

The graphical assessment of POSTHOC parameter esti-
mates vs. covariates was evaluated to help identify pos-
sible covariate relationships using S-PLUS 6.2. In addition,
goodness of fit plots were utilized to assess model robust-
ness [20]. The covariate was retained in the model if it
decreased the OFV by 7.88 (c2 P < 0.005, d.f. = 1). No model
was accepted solely based on the reduction of the OFV
value due to the inherent statistical inaccuracy of this
change using the FO method [21]. Goodness of fit plots,
reductions in IIV of structure model parameters and
residual error, robust model parameter estimation
and model stability served as additional model selection
criteria.

Results

Patient characteristics
The CATIE-AD clinical trial included 110 subjects that
received risperidone (52 men), providing 168 risperidone
and 9-OH risperidone concentrations.The CATIE-SZ clinical
trial included 380 subjects (279 men) that received risperi-
done, providing 1068 risperidone concentrations and 1068
9-OH risperidone concentrations. A total of 313 subjects
had a once-daily dose of risperidone and 177 subjects had
a twice-daily dose of risperidone. Subjects had an average
(mean � SD) age and weight of 49.1 � 18.8 years and
84.1 � 22.5 kg, respectively (Table 1, Figure 1).

The majority of the subjects were White (n = 328) and
African-Americans (n = 140). The rest of the patients com-
prised one Native Hawaiian, 12 Asian and five American-
Indian individuals. The distribution of the risperidone
sampling times (time after most recent dose) is shown in
Figure 2.

Population PK modelling
Base model The base risperidone and 9-OH risperidone
model is a one-compartment model with first-order
absorption and first-order elimination, parameterized in
terms of apparent CL, volume of distribution for risperi-
done (V), first-order absorption rate constant (Ka), fraction
of risperidone to 9-OH risperidone (KF), apparent clearance
for 9-OH risperidone (CLM) and volume of distribution for
9-OH risperidone (VM). The model structure is shown sche-
matically in Figure 3. Due to the identifiability problem
associated with KF and VM, VM was set to the same value
as V.

Among the three PK disposition models described in
Subjects and methods, the one-compartment model with
mixture structure to distinguish CYP2D6 polymorphism-
related subpopulations provided the best description of
risperidone and 9-OH risperidone concentration data,
based on the Akaike information criterion (AIC) [22] and
diagnostic plots. The IIV on CL, V and CLM were described
by a log-normal IIV model. Residual errors were separately
estimated for parent and metabolite. The best residual
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error model was a combined additive and proportional
model. The fraction of the risperidone oral clearance
leading to formation of 9-OH risperidone (KF) in PM, IM and
EM subpopulations were estimated. The model with esti-
mation of all three parameters was unstable, including uti-
lizing the literature published values (0.05, 0.2, 0.3 for PM,
IM and EM, respectively) for the three groups, thus KF for
subjects in the IM group was fixed to stabilize the model
estimation of KF in the PM and EM populations.

The mixture model with two subpopulations (PM and
EM) was also evaluated. The OFV was 186.6 points worse
than the three-subpopulation mixture (AIC, P < 0.005).This
suggested that the mixture model with three subpopula-
tions (PM, EM and IM) significantly improved the goodness
of fit.

Both FO and FOCE with interaction methods were
tested during model building and confirmation. The
models evaluated using the FOCEI method were unstable
and significantly more computationally intensive.This may
relate to the sparse nature of the data collected for this
analysis. In addition, the FOCE Interaction models that did
run relatively stably provided biased results with respect to
the population and individual predictions. Thus, the FO
method was selected for the analysis.

Final model The model with a mixture structure was
selected as the final base model and was used in the sub-
sequent covariate model development. Covariates were
screened one at a time, by assessing the strength of rela-
tionship between covariate and PK parameters for risperi-
done and 9-OH risperidone. Only age was identified as a

Table 1
Patient characteristics for the two studies (CATIE-AD and CATIE-SZ)

Demographics

CATIE-AD
mean � SD
(range)

CATIE-SZ
mean � SD
(range)

Combine
mean � SD
(range)

Sample size 110 380 490
Dose range (mg) 0.5–3.5 0.75–6.0 0.5–6.0

No. of observations 168 1068 1236
Risperidone concentration (ng ml-1) 2.25 � 3.13 8.89 � 11.66 8.02 � 11.13

(0.05–20.49) (0.02–99.05) (0.02–99.05)

9-OH risperidone concentration (ng ml-1) 20.93 � 15.29 10.15 � 8.49 19.46 � 15.02
(0.15–111.24) (0.5–51.1) (0.15–111.24)

Age (years) 78.3 � 6.7 40.6 � 11.2 49.1 � 18.8
(57–93) (18–67) (18–93)

Weight (kg) 68.8 � 14.7 88.6 � 22.4 84.1 � 22.5
(42.7–102.3) (45.9–187.7) (42.7–187.7)

Gender (male/female) Male: 52 Male: 279 Male: 331
Female: 58 Female: 101 Female: 159

Race American Indian: 1 American Indian: 4 American Indian: 5
Asian: 2 Asian: 10 Asian: 12
Black/AA: 16 Black/AA: 124 Black/AA: 140
Hawaiian: 0 Hawaiian: 1 Hawaiian: 1
Two or more races: 1 Two or more races: 3 Two or more races: 4
White: 90 White: 238 White: 328

CATIE, Clinical Antipsychotic Trials of Intervention Effectiveness; AA, African-American.
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Figure 1
Frequency histogram showing the age (a) and weight (b) distribution for
all subjects in the Clinical Antipsychotic Trials of Intervention Effective-
ness (CATIE)-SZ and CATIE-AD studies
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statistically significant covariate on 9-OH risperidone clear-
ance (CLM).The inclusion of age on CLM resulted in signifi-
cant reduction in OFV at the 0.5% level (DOFV = -68.1;
P < 0.005, d.f. = 1).The details of covariates selection during
model development for risperidone and 9-OH risperidone
is shown in Table 2.

The final PK parameter estimates for risperidone and
9-OH risperidone are shown in Table 3.Diagnostic plots are
shown in Figure 4, including observed concentrations vs.
population predicted risperidone and 9-OH risperidone
concentrations (Figure 4a,e); observed concentrations vs.
individual predicted risperidone and 9-OH risperidone
concentrations (Figure 4b,f ); weighted residual error
(WRES) vs. population predicted risperidone and 9-OH

risperidone concentrations (Figure 4c,g); and WRES vs. time
after the most recent doses (Figure 4d,h).

Compared with the base model, the IIV on CLM
decreased 6.3% in the final model. The population param-
eter estimates for CLM is 8.8 l h-1. The magnitude of age
effect on CLM was >20%, suggesting age effect may be
clinically relevant (covariate effect on CLM exceeded 20%)
[23]. CLM decreases as age increases; the average CLM esti-
mate in subject at 45 years old is 6.1 l h-1, decreased to
4.9 l h-1 in subject at 70 years old.The association between
age and CLM is presented in Figure 5.

The estimated risperidone CL in PM,EM and IM subjects
was 12.9 l h-1, 65.4 l h-1 and 36 l h-1, the corresponding half-
life estimates in these subpopulations were 25 h, 4.7 h and
8.5 h, respectively. The percentage of subjects in the PM
and EM groups was estimated to be 41.2% and 52.4%. The
distribution of clearance values is shown in Figure 6.

Discussion

Many variables are associated with the IIV of a drug’s dis-
position. In this study, we successfully implemented a
population PK analysis in the spirit of Krecic-Shepard et al.
[24] and Kang et al. [25] using a small number of samples
per subject in a large number of subjects to characterize
the sources of variability in risperidone PK from the CATIE
study. The risperidone and 9-OH risperidone concentra-
tions appear to be adequately described by a one-
compartment model with inclusion of a mixture model
structure to estimate risperidone elimination separately in
CYP2D6 polymorphism-related subpopulations.

Age was identified as a statistically significant and clini-
cally relevant covariate (with a >20% effect) on 9-OH
risperidone elimination (CLM). Elderly subjects taking
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Base population pharmacokinetic model structure for risperidone and
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Y. Feng et al.

634 / 66:5 / Br J Clin Pharmacol



oral risperidone had higher plasma concentrations than
younger subjects [4]. Previously, we identified age as a sig-
nificant covariate on the PK of citalopram [26]. Age was not
a significant covariate on risperidone PK in this study;
however, age had a significant effect on the elimination of
the major active metabolite, 9-OH risperidone.The average
CLM in subjects at age 45 is 6.1 l h-1. This decreases to
4.9 l h-1 in a typical 70-year-old subject. Creatinine clear-
ance in this same age range for an individual weighing
70 kg and having a serum creatinine measurement
of 1 mg dl-1 shows a reduction from 92 ml min-1 to
68 ml min-1, a decrease of approximately 25%. This is
similar to the 20% decrease observed in the elimination of
9-OH risperidone across this age range. The result of the
age effect on 9-OH risperidone elimination is consistent
with previous reports [5, 27]. Thus, older individuals may
have a higher exposure to the active metabolite of risperi-
done.This may be a significant contributor to adverse drug

reactions in this population. An additional concern is that
these higher exposures may potentially affect the safety of
risperidone in elderly individuals, where a higher risk of
death has been suggested in elders treated with risperi-
done based on a meta-analysis in this patient population
[28].

Risperidone is mainly metabolized by CYP2D6. More
than 80 allelic variants have been identified for the CYP2D6
gene among different ethnic populations [29]. These poly-
morphisms result in variable enzymatic activity [30, 31]. It
has been reported that CYP2D6 polymorphisms influence
paroxetine (CYP2D6 substrate and inhibitor) PK [32]. In this
analysis, the standard one-compartment model without
mixture model structure was first used as base model to
describe concentrations. Race was a significant covariate
on risperidone CL, when a mixture approach for clearance
was not incorporated in the model [32, 33]. Race was no
longer a significant covariate in the model with mixture

Table 2
Population pharmacokinetic model development (one-compartment linear model)

Covariate Model -2LL D-2LL P-value

1 Base model (No mixture) 6 111.639
2-1

CL
Race M1 6 009.777 -101.862 <0.005

Sex M2 6 101.284 -10.355 <0.005
Age M3 6 108.711 -2.928 >0.05

Weight M4 6 111.215 -0.424 >0.05
Smoking status M5 6 101.284 -10.355 <0.005

CM-fluoxetine M6 6 084.481 -27.158 <0.005
CM-paroxetine M7 6 101.568 -10.071 <0.005

2-2
V

Race M8 6 094.077 -17.562 <0.005
Sex M9 6 100.865 -10.774 <0.005

Age M10 6 107.901 -3.738 >0.05
Weight M11 6 104.669 -6.97 >0.005

Smoking status M12 6 111.103 -0.536 >0.05
3-1 (mixture model on CL M13)

CL (mixture on CL two-component) M13 5 289.626 -822.013 <0.005
CL (mixture on CL three-component) M14 5 103.056 -1008.582 <0.005

CL(RACE) M15 5 128.500 25.444 >0.05
CL(SEX) M16 5 121.475 18.419 >0.05

CL(AGE) M17 5 146.085 43.029 >0.05
CL(SMOK) M18 5 145.838 42.782 >0.05

CL(CM-PAROXETINE) M19 5 145.996 42.94 >0.05
CL(CM-FLUOXETINE) M20 5 117.367 14.311 >0.05

3-2 (Mixture on CL three-component with covariates on V)
V (Race) M21 5 145.845 42.789 >0.05

V (Sex) M22 5 146.080 43.024 >0.05
V (Age) M23 5 143.338 40.282 >0.05

V (Weight) M24 5 101.473 -1.583 >0.05
3-3 base model parent and metabolite with mixture elimination for parent (as above)

Base model – three-component mixture on CL of parent. M25 12 469.226
CLM (age) M26 12 397.024 -72.202 <0.005

CM, concomitant medication; V, volume of distribution; D-2LL, objective function value (OFV) from covariate model minus base model; -2LL values in 2-1 and 2-2 were compared
with base model; -2LL values of M13 and M14 in 3-1 were compared with model M1; whereas values of Model 15 to Model 24 in 3-1 and 3-2 were compared with 3-1 M14; values
in 3-3 was compared with 3-2 M25. The incorporation of covariates is described in Subjects and methods.

Assessing sources of variability on risperidone PK using mixed effect modelling approach

Br J Clin Pharmacol / 66:5 / 635



structure, where risperidone CL was estimated separately
in three different clearance subpopulations (possibly
reflecting at least partially the CYP 2D6 metabolizer phe-
notype). These results suggest that, due to the differential
expression of CYP2D6 phenotype across race, the use of
the mixture analysis approach has accounted for the
differences in CYP2D6 activity. In addition, these differ-
ences are not present when tested within each of the
subpopulations.

Sex and concomitant medications (paroxetine and flu-
oxetine) were found to be significant covariates affecting
risperidone oral clearance when the one-compartment PK
model without the mixture model structure was used as
base model for covariate screening.The first of these cova-
riates can have two possible roles in contributing to clear-
ance variability: sociological and biological. All three of
these covariates are associated with differences reported
in the literature of CYP2D6 activity, which might contribute
to covariates effect on clearance. The race covariate effect
on clearance here should be tempered with the other pos-
sible contributory factors.These include the CYP2D6 differ-
ences, but could also be due to systematic differences in
adherence patterns in this group, thus resulting in a differ-
ent clearance based on different dose-taking patterns.
Snoeck et al. [5] have reported that renal function may
influence risperidone and 9-OH risperidone concentra-

tions, thus creatinine clearance (CrCL) could also be a
potential covariate. CrCL was unavailable in this study and
its effect on the PK parameters could therefore not be
assessed.

Paroxetine and fluoxetine are potent CYP2D6 inhibi-
tors.Saito et al. [10] have reported that risperidone concen-
trations during co-administration of paroxetine 10, 20 and
40 mg day-1 were 3.8-fold, 7.1-fold and 9.7-fold higher than
before paroxetine co-administration in SZ patients. Spina
et al. [8] have demonstrated that the levels of the active
moiety (sum of the concentrations of risperidone and
9-OH-RISP) increased by 75% in SZ patients taking both
risperidone and fluoxetine compared with baseline where
patients did not receive fluoxetine. In this study, when the
standard one-compartment model without mixture model
structure was applied for covariate screening, both parox-
etine and fluoxetine were significant covariates affecting
risperidone CL. However, paroxetine and fluoxetine were
not significant covariates in the mixture model, where
risperidone CL was separately estimated in CYP2D6
polymorphism-related subpopulations.The POSTHOC esti-
mates showed that subjects taking paroxetine or fluoxet-
ine appeared to have lower risperidone clearance
compared with those not taking co-medications. More-
over, the c2 test was used to assess the difference between
the proportion of individuals with a particular characteris-
tic assigned to the PM, IM or EM groups. Significant differ-
ences in the proportion of individuals assigned to a
particular metabolizer subpopulation were observed
between the African-American and White populations
(P < 0.001) and subjects with and without concomitant
paroxetine (P < 0.002). The differences across sex and indi-
viduals taking fluoxetine in assignment to a metabolizer
subpopulation were not significant (P = 0.055 for both
conditions).

In the CATIE trials adherence was assessed in the AD
arm of this study using a clinical impression metric. A
better measure of adherence in these clinical trials would
have improved estimation and probably decreased the
residual error in the development of the population PK
models. As shown in our results, potentially important dif-
ferences in exposure between populations are present and
may be due to variable adherence. In this study, the per-
centage of subjects in PM was estimated to be 41.2%. This
is higher than the reported proportion of the population
with this CYP 2D6 metabolizer genotype. If one considers
that taking either paroxetine or fluoxetine changes an indi-
vidual from an EM or IM elimination status to a PM status,
then this group would be enriched by approximately 41
individuals. This is substantial (approximately 10% of the
total number of individuals in the study), but still not suf-
ficient to increase the PM group to the calculated propor-
tion. This difference may be attributable to variable
adherence or unreported concomitant interacting medi-
cations resulting in increased numbers of individuals
assigned a PM elimination status.

Table 3
Pharmacokinetic parameter estimates for the one-compartment mixture

model

Parameters Parameter estimates SE%

CL in PM (l h-1) 12.9 6.5
CL in EM (l h-1) 65.4 9.9

CL in IM (l h-1) (fixed) 36 NA
V, VM (l) 444 17.8

Ka (1 h-1) (fixed) 1.7 NA
CLM (l h-1) 8.83 42.6

Age on CLM -0.378 34.7
KF_PM 0.96 42.8

KF_EM 0.595 40.0
KF_IM (fixed) 1 NA

P1 41.2 8.1
P2 52.4 6.2

wCL_PM% 95.9 39.5
wCL_EM% 56.6 16.8

wV,VM% 36.1 24.4
wka% 53.7 89.3

s1 for risperidone % 63.9 12.5
s2 for 9-OH risperidone % 37.9 35.4

s3 for risperidone (mg/l) 4.29 104.9
s4 for 9-OH risperidone (mg/l) 0.88 38.7

CL, risperidone clearance; V, risperidone volume of distribution of central
compartment; CLM, 9-OH risperidone clearance; VM, 9-OH risperidone volume
of distribution of central compartment; KF, fraction of risperidone to
9-OHrisperidone; P1, percentage of subjects who were PM; P2, percentage of
subjects who were EM; SE, standard error; PM, poor metabolizer; IM, intermediate
metabolizer; EM, extensive metabolizer; w, coefficient of variation of interindi-
vidual variability; s, coefficient of variation of residual error; N/A: not available.
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Figure 4
Diagnostic plots of final pharmacokinetic model. (a,e) Plot of observed concentrations vs. population predicted risperidone (a) and 9-OH risperidone (e)
concentrations. Dots represent individual data points; solid line represents the unity line and dashed line represents the smooth line. (b,f ) Plot of observed
concentrations vs. individual population predicted risperidone (b) and 9-OH risperidone (f ) concentrations. Dots represent individual data points; solid line
represents the unity line and dashed line represents the smooth line. (c,g) Plot of weighted residual error (WRES) vs. population predicted risperidone (c) and
9-OH risperidone (g) concentrations. Dashed line represents the smooth line. (d,h) Plot of WRES vs. time after most recent dose for risperidone (d) and 9-OH
risperidone (h). Dashed line represents the smooth line
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The relative clearances reflecting the conversion of
parent risperidone to the metabolite were 39 l h-1 (EM),
36 l h-1 (IM) and 12.3 l h-1 (PM). The fraction of the total
clearance of the parent that corresponded to these clear-
ance values was 0.6, 1 and 0.96, respectively. If the fraction
of the overall clearances was fixed to values closer to the
typically observed proportion of administered dose con-
verted to the 9-OH metabolite of 0.3 (EM), 0.2 (IM) and
0.05–0.1 (PM), substantial worsening in model fitness was
observed (>450 point increase in objective function). This
worsening in the model included a substantial increase in
the clearance rate associated with a KF of 0.05–0.1, making
this group the extensive metabolizers.

In conclusion, a one-compartment model with mixture
structure to estimate risperidone CL separately in three
subpopulations comprising a PM, EM and IM group
adequately described the concentrations data for risperi-
done and its active metabolite 9-OH risperidone. Age was

identified as a significant covariate on 9-OH risperidone
clearance, with elderly subjects having higher 9-OH risperi-
done levels.
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