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Abstract

AIM—The study aims were to characterize risperidone and (x)-9-hydroxyrisperidone
pharmacokinetic variability in children and adolescents and to evaluate covariate effects on
pharmacokinetic parameters.

METHODS—Steady-state samples were drawn at pre-dose, 1, 2, 4, and 7 hours post-dose;
CYP2D6 genotypes were available for 28 subjects. A non-linear mixed-effects model
(NONMEM®) modeled the pharmacokinetics of risperidone and (+)-9-hydroxyrisperidone;
covariates included age, weight, sex, and CYPZ2D6 phenotype. The model included 497
observations [risperidone (n=163), (+) and (=) 9-hydroxyrisperidone (n=334)] from 45 subjects
aged 3-18.3 (mean 9.6+3.7) years, weighing 16.8-110 (43+20.2) kg.

RESULTS—A one-compartment mixture model described risperidone and ()-9-
hydroxyrisperidone clearances for three CYP2D6 metabolizer subpopulations: extensive (EM),
intermediate (IM), and poor (PM). Weight significantly affected (x)-9-hydroxyrisperidone
clearance. Clearance estimates in the mixture model were PM 9.38 L/h, IM 29.2 L/h, and EM 37.4
L/h.

CONCLUSION—Active moiety [risperidone plus (£)-9-hydroxyrisperidone] pharmacokinetic
variability and the covariate effects were better explained with addition of metabolite
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pharmacokinetic parameters. This model may aid development of individualized risperidone
dosing regimens in children and adolescents.
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INTRODUCTION

Risperidone is a preferred treatment for children and adolescents with bipolar disorder,
irritability associated with autistic disorder, disruptive behavior disorders, and
schizophrenia, based on published guidelines and recommendations!-6. Although effective
in these populations, risperidone use is not without risks, such as excessive weight gain,
insulin resistance, dyslipidemia, hyperprolactinemia, involuntary movements, and sedation,
most of which are exaggerated in children and often result in non-adherence. Thus,
adequate dosing to avoid over- and under-treatment is imperative. Clinical studies in adults
suggest plasma risperidone concentrations correlate with clinical response, namely adverse
drug reactions (ADRs)8. However, current recommendations do not differentiate among
therapeutic disease targets or provide a therapeutic window to avoid side effects.
Furthermore, they lack precise dosing recommendations that are allometrically scaled for
pediatrics.

Risperidone is an active compound, biotransformed by the enzymes CYP3A4 and CYP2D6,
in the liver to the principal active metabolites, (-)- and (+)-9-hydroxyrisperidone ((£)9-OH-
risperidone)®-14. Risperidone and the 9-hydroxy metabolites exhibit similar pharmacologic
activitiesl®. Genetic variability in the CYP2D6 gene results in variable enzyme function.
CYP2D6 genotypes may be used to predict four metabolizer phenotypes, with increasing
activities: poor metabolizer (PM), intermediate (IM), extensive (EM), and ultra-rapid
metabolizer (UM). Among Caucasian populations, 5-10% of individuals'6 have a genotype
predictive of a PM phenotype 17.

It is widely accepted that risperidone pharmacokinetic (PK) and response (desired
therapeutic effect and occurrence of adverse reactions) variability are not completely
predicted by dosel819, Risperidone and (+)9-OH risperidone concentrations may be
influenced by age?, renal functionl®, and factors affecting metabolism, including genetic
polymorphisms, which vary among races/ethnicities, and drug interactions, namely
CYP2D6- dependent and -inhibiting co-medications?L. The potency and pharmacological
profile (ratio of serotonin 2 (5-HT>,) receptor: dopamine 2 (D2) receptor antagonism) of
(+)9-OH risperidone is similar to that of risperidone22 Risperidone and (+)9-OH-risperidone
bind to 5-HT, and D5, receptors with similar affinities23, yielding comparable therapeutic
and toxic responses, hence “active moiety” refers to these compounds collectively. Exposure
to the “active moiety” is measured by the sum of the area under the plasma concentration-
time curves (AUC) of risperidone and () 9-OH risperidone. A study of adults assessed PK
parameters to characterize sources of variability in risperidone and metabolite exposure and
concluded age affected 9-OH risperidone (but not risperidone) clearance; older patients may
have greater active metabolite exposure, increasing risk for adverse drug reactions.
Aichhorn reported females had significantly higher plasma risperidone concentrations than
males in adolescents 10-18 years of age2>, which agrees with their adult findings2°.
Aichhorn suggested the differences were explained by differences in mean body weight in
adults. This was not consistent with findings of de Leon, who noted a similar effect, not
explained by body weight after analysing sex, adjusted for weightZS.
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Developmental differences between children and adults suggest weight, sex, and age warrant
further study to understand the variability in exposure in the context of typical treatment in
children and adolescents, as the few published studies do not include children or
adolescents. In this study, we applied nonlinear mixed-effect modeling to characterize the
PK of risperidone and () 9-OH risperidone individually as well as collectively (collectively
termed the active moiety), in a pediatric cohort. To identify potential factors contributing to
PK variability, we aimed to investigate covariates including age, weight, height, and sex.
The resulting study population was mostly male (88.9%). Hence, these covariates were
incorporated in the model, but we did not anticipate an apparent signal would be detected,
with respect to sex. In a subset of subjects (28/45) for whom genotypes were available, the
effect of differing CYP2D6 phenotypes was also studied.

MATERIALS AND METHODS

This study was approved by the Cincinnati Children’s Hospital Medical Center (CCHMC),
The Ohio State University Biomedical Human Subjects, and Rainbow Babies and Children’s
Hospital Institutional Review Boards; subjects were enrolled between June 2001 and May
2003. Criteria for inclusion were age less than 18 years at the time of risperidone initiation,
and active treatment with risperidone for a neuropsychiatric disorder. Females who had a
positive pregnancy test were excluded.

Forty-one of the 45 subjects participated in one of two previous open-label risperidone PK
investigations?”:28 at CCHMC, The Ohio State University (Columbus, Ohio) and Rainbow
Babies and Children’s Hospital (Cleveland, Ohio). These studies employed one of two
sampling strategies: D-optimal, in which four or five blood samples were obtained for
plasma concentrations, or sparse, in which two blood samples were obtained. Nineteen of
the 41 subjects in these investigations were also genotyped for common CYP2ZD6 single
nucleotide polymorphisms (SNPs; *3, *4, *5, deletion, and duplication). Of these 19
subjects, 17 were extensive metabolizers (EMs), one was an intermediate metabolizer (IM),
one was a poor metabolizer (PM); and there were no ultra-rapid metabolizers. Consequently,
to have a larger sample of CYP2D6 PMs in the cohort, an enrichment protocol was initiated
with the aims of contacting previous subjects for genotyping, and prospectively enrolling
additional subjects who were known CYP2D6 PMs on stable risperidone. Subjects were
enrolled between December 2008 and June 2010. D-optimal sampling schedules were
employed for all prospectively enrolled subjects. Blood samples were taken at steady-state
after at least 4 weeks of treatment at the same dose level. Samples were drawn prior to the
dose (t=0) and at the D-optimal time points (+ 20%) as calculated with the SAMPLE
module using ADAPT Il (Release 4, Biomedical Simulations Resource, University of
Southern California)2930 by using preliminary pediatric risperidone PK estimates (Dr. D.
Svinarov, personal communication)3!: pre-dose, 0.29, 1.38 and 8.2 h after an oral dose
during maintenance treatment.

Data collection included demographics, risperidone dose and schedule, diagnoses, disease
states, and concomitant medications in the three days prior to and on the day of the study
visit. Subjects fasted for at least two hours prior to their dose. Blood samples were obtained
0-30 minutes prior to, and 60-120 minutes and 4—7 hours after the oral risperidone dose.
Plasma concentrations of risperidone and (+)9-hydroxyrisperidone were quantified using a
validated, enantioselective, liquid-liquid extraction liquid chromatography-mass
spectrometry (LC-MS/MS) assay, using published methods32. Nineteen of the 41 subjects in
these investigations were also genotyped for common CYP2D6 SNPs. In the enrichment
protocol, previous subjects were contacted to provide samples for genotyping. Six new
subjects and 23 prior subjects who provided new samples were genotyped using an
expanded CYPZD6 SNP panel, which included *2A, *3, *4, *5, *6, *7, *8, *9, *10, *11,
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*14, *15, *17, *18, *19, *20, *40, *41, *42, deletion, and duplication. DNA extraction and
CYPZD6 genotyping were performed in the Molecular Genetics Laboratory at CCHMC
using published methods33:34, CYP2D6 genotypes were available for 62% (28/45) of
subjects, and none had a genotype predicting an ultra-rapid metabolizer phenotype. The 38%
(17/45) of subjects who were not genotyped may have had any CYP2D6 genotype (and
phenotype), though poor and ultra-rapid metabolizer genotypes are uncommon in this
population, based on the distribution in the initial cohort (5.25% PM, 5.25% IM, 89.5% EM,
and 0% UM) and ~2000 patients genotyped in the CCHMC Molecular Genetics Lab (6%
PM, 32% IM, 57% EM, 3% UM, and ~3% unknown).

Pharmacokinetic Modeling

The population PK analysis of risperidone and (+)-9-OH risperidone was performed using
nonlinear mixed effect modeling (NONMEM, version VI, ICON Dev. Soln., Ellicott City,
MD) with PDx-Pop® (version 3.0, 2007 ICON Dev. Soln., Ellicott City, MD) interfaced
with Xpose® (version 4.0, release 6, update 1). The PK parameters investigated included
time to peak risperidone concentration (Tmax); peak risperidone concentration (Cpax); area
under the curve (AUC) and apparent oral clearance (CL/F). The analysis included the
development of a base model defining the PK parameters and a final covariate model
describing the impact of patient characteristics, with all statistical and graphical analysis
generated from NONMEM output. First order conditional estimation (FOCE) with
interaction methods were used in development of one compartment, two compartment, and
mixture structural models. FOCE with interaction method was used for development of the
final models.

During model development, all compartment models were parameterized in terms of values
of oral clearance (CL/F), volume of distribution (Vd/F) and absorption rate constant (Ka).
The models described the disposition of risperidone and (+)-9-OH risperidone following oral
administration. Models were evaluated and selected based on goodness of fit and a variety of
criteria including physiological plausibility and stability. Stability was tested by using the
nonparametric bootstrap approach to asses if repeated fitting of the model resulted in similar
parameter estimates. Standard errors were assessed for all parameters. Further assessment
and comparison used the likelihood ratio test and reviewed changes in the objective function
value (OFV, -2 log likelihood) between models. Improvement in model fit was determined
using chi-squared distribution with one degree of freedom (AOFV <3.84 = p <0.05).

Models were also compared using the Akaike information criterion (AIC) and Schwarz
Bayesian criterion to discriminate between non-hierarchical models in the selection of a
structural model3°.During model development the following diagnostic plots were used to
visually assess model fit: observed vs. population predicted (PRED) or individual predicted
(IPRED) values. Plots of residuals and conditional weighted residuals (CWRES) vs. time or
PRED were also examined. The final PK models were further evaluated by generating visual
predictive checks.

The modeling determined random effects for the PK parameters to account for differences
and similarities between individuals and observations. The terms for variability in the model
included inter-individual variability and residual (unexplained) variability (RUV).
Estimations of inter-individual and residual variability were assessed for evidence of model
over-parameterization36. Due to the use of a mixture model, which included multiple
parameters for CL for the different metabolizer phenotypes, over-parameterization was
assessed as part of the routine model diagnostics to determine if inclusion of these
parameters was appropriate for the proposed model.”
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Inter-individual variability was assumed to be log-normally distributed as has been reported
previously in the literature24 and assessed using exponential (equation 1) variability models.

Pi:gpop * exp(10) [1]

Where P; represents the value of the PK parameter for the it" individual, Bpop represents the
population mean for P and 1 37 represents between-subject random effect with a mean of
zero and variance of w?.

A residual error model estimating variability related to the two sampling strategies (D-
optimal and sparse) used in the studies was evaluated during model development. The model
was found not to improve the OFV significantly, compared with an error model estimating
variability for risperidone and (%)-9-OH risperidone. A combined residual error model
estimating residual variability related to the sampling strategies and risperidone and (£)-9-
OH risperidone was found to be highly correlated and did not improve the OFV. The RUV
error models evaluated used a combined additive and constant coefficient of variation error
model for risperidone and (%)-9-OH risperidone (equation 2).

Yij=Ymij (1+€ij)+€ij 2]

Where yj; is the observed concentration in individual i at time j, y;j is the corresponding
model prediction, and ejj is a normally distributed random error with a mean of zero and a
variance of o2.

Covariate analysis—~Patient characteristics investigated included age, sex, race and body
weight. Age was also investigated as a covariate with two sub-populations (children, 2-12
years and adolescents 12—19 years). Various methods were tested in the model for inclusion
of weight, these included, a priori, standardizing body weight to 70 kg and applying a power
calculation using the population mean38. Allometric scaling was used to allow for
standardization of body weight between the parameter estimates determined for a pediatric
population with those reported for adults (70 kg) by fixing the exponents in the allometric
model to 0.75 for CL/F (equation 3) and to 1 for \/d/F3°.

CLi=(CLyop * (BW/70)") * exp(ncl) 3]

Where CL; the individual CL in the it individual, CLpgp is the estimate of the population
CL, mcl is the random between subject variability (BSV), © shift parameter describing the
systematic dependence of CL on individual body weight, BW is body weight of the ith
individual.

An exploratory analysis was used to look for relationships between the PK parameters and
covariates by visually inspecting plots of the empirical Bayesian estimates and posthocs, of
individual parameters from the base model against covariate values.

Individual parameter estimates and the normalized eta deviations were investigated as
appropriate to determine relationships between the PK parameters and covariates.
Allometric scaling was applied to CL/F and Vd/F, also investigated a priori, and
standardized to a body weight of 70 kg38. Following the initial analysis, covariates were
included into the model using a forward stepwise inclusion approach and added into the
model until there was no further decrease in OFV. Covariates were subsequently removed
from the model using a backward stepwise approach. Change of the OFV approximates the
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chi-squared distribution (XZ), with one degree of freedom; a change > 3.84 in OFV was
considered significant.

Model evaluation—Bootstrapping was used to assess uncertainty in the parameter
estimates. The final PK models were evaluated using a non-parametric sampling with
replacement#C. PDx-Pop® was used to generate 1000 bootstrap runs by random sampling
using the original dataset. Standard errors for the estimated population parameters and
random effects error models were also assessed. Bootstrap techniques were one of the
standard diagnostics used to assess the model along with assessment of goodness-of-fit plots
and a visual predictive check.

Subjects had a mean £SD age of 9.6 £ 3.7 years and weight of 43 + 20.2 kg. The majority of
the subjects were white (n=42), male (n=40), and all reported they were non-Hispanic
(Table 1). One subject was removed from the dataset following the model building as an
outlier, as inclusion of the subject caused a significantly increase in the OFV of more than
50 (p<0.001); this was not explained by any covariate in the study, in the base or final
models. When graphed the data from the subject significantly skewed the line of identity.
Autistic disorder was the predominant neuropsychiatric diagnosis, for which the subjects
were treated with risperidone at an average daily dose of 2.0 £ 1.5 mg (0.25-6). Subjects
received risperidone in tablet form (n=34) or in liquid form (n=6) and were dosed by their
personal clinicians, not based on study participation. Most (n=39) subjects received
risperidone twice a day and many (n=33) reported taking concomitant medications.

Pharmacokinetic Data

A total of 172 blood samples were drawn and available for risperidone and () 9-OH
risperidone PK analysis. Sparse sampling data were available for 18 subjects and D-optimal
sampling for 27 subjects. From the 27 subjects with D-optimal sampling, 19 subjects
provided five blood samples, and 9 subjects provided four blood samples. There were 163
risperidone and 334 metabolite [167 (+) - and 167 (-)-9 OH risperidone] plasma
concentrations. Because the assay is enantioselective, each enantiomer of the metabolite, (=)
and (+), had a plasma concentration, totalling 334; there were four more metabolite
concentration available than parent drug (risperidone) concentrations. The missing plasma
concentrations of risperidone were due to undetectable plasma concentrations or plasma
concentrations beneath the lower limit of quantification (0.2 ng/mL for risperidone and 9-
OH risperidone enantiomers) of the drug assay and were treated as missing data. Given the
small number of samples to which this applied, it is unlikely this would have any impact on
the models developed!. Individual concentration-time profiles for risperidone were plotted
for each subject and analyzed visually.

Population Pharmacokinetic models—Varying structural models were explored to
determine the model which would provide the best fit. The different structural model
approaches used to investigate the PK parameters of risperidone and () 9-OH risperidone
included: 1) a one-compartment model only including the parent compound, risperidone; 2)
risperidone and (£) 9-OH risperidone were tested in the same one compartment model, using
identifiers within the data labels to separate them out.; and 3) a mixture model (with
risperidone and 9-OH risperidone) to investigate the contribution of CYP2D6 phenotype to
risperidone metabolism. CYP2D6 metabolizer subpopulations (PM, IM, EM) were
estimated in the mixture model for clearance and fraction of risperidone metabolized to (z)
9-OH risperidone.
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A one-compartment model was used to describe the plasma concentrations of risperidone
and (£) 9-OH risperidone. The base model for risperidone and () 9-OH risperidone was a
one-compartment model with first-order absorption and first-order elimination. The model
included estimates for the fraction of risperidone metabolized to () 9-OH risperidone, CL/F
for (£) 9-OH risperidone and Vd/F for (x) 9-OH risperidone. The model was similar in
structure to that previously outlined by Feng et al24. Parameter estimates for risperidone
included CL/F 16.8 L/h (11.8-21.8, 95% CI), Vd/F 62.4 L (42-82.8, 95% CI) and Ka was
fixed to 2.6 h™1. The final parameter estimate for (+) 9-OH risperidone clearance (CLM/F,
L/h) was 4.9 (2.4-7.4, 95% CI), and () 9-OH risperidone volume of distribution (VdM/F,
L) was set to equal risperidone VVd/F. The fraction of risperidone converted to () 9-OH
risperidone was estimated as 0.13 (0.1-0.16 95% CI). Univariate analysis determined age
(p<0.05) and body weight (p<0.001) to affect clearance of risperidone and of () 9-OH
risperidone significantly. Following multivariate analysis, the final covariate model
determined (x) 9-OH risperidone clearance increased with increasing weight.

Mixture Model

A mixture model using a one compartment model structure was used to investigate the
contribution of CYP2D6 phenotype on risperidone metabolism. Initial model development
defined two subpopulations: CYP2D6 EMs and CYP2D6 reduced metabolizers (RMs;
individuals with one or more reduced function CYP2D6 alleles). Clearances in EMs and
RMs were estimated as 70 and 9.9 L/h, respectively. The percentages of subjects in each
subpopulation were estimated at 42.7% (EMs) and 32.8% (RMs). Body weight significantly
affected 9-OH risperidone clearance, 4.05 L/h/70 kg. No other tested covariates were found
to have a significant effect on the parameter estimates.

Subsequently, a one-compartment mixture model was used to describe risperidone and (%)
9-OH risperidone concentration data and to distinguish CYP2D6 in three subpopulations,
EMs, IM, and PMs. The model with estimation of all three parameters was unstable;
therefore, the fraction of risperidone to () 9-OH risperidone for IMs was fixed to help
stabilize the model. When this fraction was unfixed, there was poor model fit and the
estimated relative clearances for CYP2D6 IMs were unrealistically high. This then allowed
for the estimation of the fraction of risperidone to and () 9-OH risperidone to be
determined for the PM and EM populations. The percentages of subjects in each
subpopulation were estimated at 37.2% PMs and 46.9% EMs.

A covariate analysis was undertaken and each covariate was added to the model;
allometrically scaled weight was found to be the only covariate to have an influence on the
model. The inclusion of allometric scaling as a factor on body weight into the model,
significantly improved the OFV (p<0.001) over no allometric scaling. 9-OH risperidone
clearance was estimated to be 9.0 L/h/70 kg. Parameter estimates and BSV for CL/F in the
PM, IM, and EM populations are presented in Table 4. Residual error was estimated for
risperidone and () 9-OH risperidone, using a combined additive and constant coefficient of
variation error model, and results are in Table 2. The mixture model with two
subpopulations performed well; however, the OFV was 533.3 (AIC 614.3) compared to the
472.5 OFV (AIC 506.5) in the mixture model with three subpopulations. Therefore, the
mixture model with the three subpopulations was chosen as the final model. Population
parameter estimates determined following the bootstrap (n=1000) are presented in Table 2.

Diagnostic plots were generated for risperidone and () 9-OH risperidone individually and

included dependent (observed) variable (DV) vs. population predicted (PRED) or individual
predicted (IPRED) values (Figures 1A and 2A). Plots of residuals and conditional weighted
residuals (CWRES) vs. time after dose (h) or PRED were also examined (Figures 1B—C and
2B). Figure 1A, risperidone DV vs. PRED showed some discrepancy between the predicted
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and observed concentrations. However, overall, there was indication of improved fit in
comparison to the base model. The plot of risperidone DV vs. IPRED showed good fit of the
data along the lower portion of the line of identity. () 9-OH risperidone DV vs. PRED
(figure 2A) and DV vs. IPRED showed a similar trend as seen in the plots for risperidone.

The mean estimates obtained from the 1000 bootstrap runs were similar to the population
estimates determined from the final covariate model. Based on the bootstrap runs, there was
a 98.2% success rate, defined by PDx-Pop® running the model successfully. In relation to
the estimates for fixed and random effects, the final covariate mixture model displayed
reasonable stability and accuracy. The final model was evaluated using visual predictive
checks (VPCs), Figures 3 and 4. Figure 3 shows simulations from the VPC using the
risperidone observed data, this compared the 5th and 95th quantiles, along with the 10th and
90th quantiles, with the dotted line representing the 50t percentile obtained from the
simulations, with 3633 simulated observations. The VPC plot displays the 90% confidence
intervals of simulated concentrations and it is plotted together with observed concentrations.
If a majority of the observed values judged by visual inspection, lies within the intervals, the
final model is said to be predictive. In Figure 3, there were no observations outside the 90%
Cl.

Figure 4 depicts the 9-OH risperidone observed data compared to the 95t 50t and 5t
percentiles and 3794 simulated observations with 3% of the observations outside 90%.
Overall, there was reasonable agreement between the observed data and the simulated data
in the VPCs for the model.

DISCUSSION

The literature and discussion demonstrate that establishing the influence of clinical factors
on risperidone and () 9-OH risperidone PK variability is essential for developing tailored
pediatric risperidone dosing strategies. Consequently, this study aimed to characterize
risperidone pharmacokinetic variability and determine the influence of age, sex, weight, and
CYP2D6 phenotype on pharmacokinetic parameters in a pediatric population.

Studies have characterized and modeled risperidone and () 9-OH risperidone in adults?42,
Vermeulen et al. developed a PK model in risperidone-treated adults with bipolar disorder
with two-compartment submodels for drug and metabolite disposition and a sequential zero-
and first-order absorption pathway which used samples from intensively sampled
individuals. In sparsely sampled individuals a much more simplified model was proposed. A
mixture model was incorporated due to genetically variable CYP2D6 conversion of
risperidone to (£) 9-OH risperidone. The final model described the plasma concentration-
time profiles for risperidone and () 9-OH risperidone and predicted each subject’s CYP2D6
phenotype (PM, EM, or IM). The subpopulations of clearance (CL/F) were described as
being analogous to unmeasured CYP2D6 metabolizer genotype®2. Feng et al. developed a
one-compartment mixture model with first-order absorption which adequately described
risperidone and (%) 9-OH risperidone concentrations24. This study did not have CYP2D6
genotype data but analyzed CYP2D6 phenotypes and used a mixture model to estimate
phenotypic clearance with the assumption that this corresponded to the PM, IM and EMs.
Pharmacokinetic parameter estimates were determined in adult and elderly subjects and
employed a mixture model, which allowed estimation of risperidone CL/F separately for
three CYP2D6 phenotypes (poor, intermediate, and extensive metabolizers). Age was
identified as a significant covariate on (x) 9-OH-risperidone CL/F24,

Risperidone PK parameter estimates for base model were consistent with a recently
published report in children and adolescents*3. Thyssen et al. characterized the population
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PK of risperidone in 304 pediatric subjects using sparse sampling. Subjects in the pediatric
study were phenotyped for CYP2D6, using the ratio of risperidone to (+) 9-OH risperidone;
a ratio of >1 classified a subject as a CYP2D6 PM. As CYP2D6 and CYP3A4 biotransform
risperidone to (+) and (-) 9-OH risperidone, respectively, the total concentration of 9-OH
metabolites is dependent on function of both enzymes. Hence, this method for CYP2D6
phenotyping affords a meaningful likelihood of misclassification of CYP2D6 phenotype.
Variability in CYP3A4 and resulting (=) 9-OH risperidone concentrations could yield a
higher or lower ratio than expected, yet the ratio was attributed to CYP2D6 phenotype only.
The investigators then used a mixture model with two subpopulations, CYP2D6 EMs and
CYP2D6 PMs, which is under-representative of the diversity in CYP2D6 activity, from poor
to intermediate to extensive to ultra-rapid. The PK profile of active antipsychotic fraction
(risperidone plus (z) 9-OH risperidone) was similar in PMs and EMs. However, Thyssen did
not report population PK of (£)9-OH risperidone or covariates on the active metabolite
clearances*3.

In a similar fashion to Feng et al.24, but with pediatric patients, a combination of sparse and
more intense D-optimal sampling strategies, and CYPZDé6 genotypes in 62% of subjects, we
developed a nonlinear mixed-effects model to describe both risperidone and (£) 9-OH
risperidone concentration-time profiles. We categorized CYP2D6 genotypes into three
phenotypes (poor, intermediate, and extensive; no subject had gene duplication yielding an
ultra-rapid phenotype) and employed a mixture model to incorporate CYP2D6 phenotype
and risperidone clearance for each group (poor, intermediate, and extensive metabolizers).
The mixture model approach involved modeling of a probability distribution with a mixture
of probability distributions, which includes the hypothesis that one or more subpopulations
can exist rather than assuming the population as one group. This modeling approach
combines the estimation of the model parameters such as clearance and the identification of
the subpopulations in the population using a mixture for the distribution of the random
effects?4. The relative clearances for CYP2D6 EMs, IMs, and PMs, signifying metabolism
of the parent drug, risperidone, to its metabolites were 37.4 L/h, 29.2 L/h, and 9.4 L/h.
Population parameter estimates from the bootstrap were: risperidone CL/F (L/h) in PMs was
8.9 (7.3-10.3, 95% CI), EMs was 34.5 (20.4-42.7, 95% ClI), and IMs was 30 (0.46-68.9,
95% ClI), Decreasing clearances with decreasing CYP2D6 activity (based on predicted
phenotype) were also reported in the Feng study of adult and geriatric subjects (ages 18-93
years) taking risperidone for schizophrenia or Alzheimer’s Disease?4.

Inter-individual variability in risperidone (and active metabolite) exposure and response is
multi-factorial. As expected, and consistent with Feng?4 and other studies in older
populations1®40, age was not identified as a significant covariate on risperidone clearance.
The final model for risperidone and (+) 9-OH risperidone identified weight as a significant
covariate for () 9-OH risperidone clearance.

A mixture model described risperidone and () 9-OH risperidone clearances separately for
CYP2D6 extensive, intermediate, and poor metabolizers; body weight was the only tested
covariate that improved the model and influenced the clearance of (x) 9-OH risperidone.
One limitation to this study is the inconsistent documentation of concomitant medications in
the previous medical research records, confounding our ability to include concomitant
medications as a covariate in our models.

At present, there is no defined target risperidone or active moiety exposure for treatment of
the psychiatric disorders or target symptoms for which risperidone has demonstrated
efficacy. Given the small sample size and homogenous diagnoses, the results from this study
do not answer the question of appropriate dosing or target exposure. However, a population
PK model has not been previously published solely in the pediatric population, nor in a
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cohort of patients with neurodevelopmental disorders treated with risperidone in the course
of clinician-guided care. This is an important step toward understanding risperidone and
active moiety exposure and potential factors contributing to PK variability. In addition, the
population PK of both risperidone and (x) 9-OH risperidone, are considered separately (each
of which constitutes a marketed drug), in contrast to the few studies including pediatrics
which combine these entities to evaluate “active antipsychotic moiety.” This may be
important in the occurrence of side effects. A population PK model constructed with
CYP2D6 genotype- predicted phenotypes, that estimates CYP2D6 subpopulations in
children and adolescents maybe helpful to guide dosing.

In the context of inter-individual variability, subsequent investigations may focus on
identifying potential target exposures (a priori) and ability to predict a dose to achieve a
given concentration with a single sample, using covariates alone. Dose refinement based on
this approach may be achieved more quickly, with more optimal safety and efficacy than
achieved from current dosing strategies.

CONCLUSION

Weight was allometrically scaled and identified as a significant covariate on () 9-OH
risperidone clearance, risperidone clearance, and risperidone volume of distribution. Active
moiety [risperidone plus (=) and (+) 9-OH risperidone] pharmacokinetic variability and the
effect of covariates were better explained with addition of metabolite pharmacokinetic
parameters. Contribution of CYP2D6 genotypes to differences in active moiety
pharmacokinetics, clinical response, and adverse reactions warrants additional study. This
model may aid in the development of individualized paediatric risperidone dosing regimens
to optimize safety and efficacy.
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Fig. 1A Final model observed versus population predicted risperidone concentrations (Line
of identity shown for clarity)

Fig 1B Final model risperidone conditional weighted residuals (CWRES) versus population
predicted risperidone concentrations (Regression line shown as dashed line)

Fig 1C Final model risperidone conditional weighted residuals (CWRES) versus time after

dose (h) (Regression line shown as dashed line)
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Fig. 2A Final model observed versus population predicted 9-OH risperidone concentrations
(Line of identity shown for clarity)

Fig 2B Final model 9-OH risperidone conditional weighted residuals (CWRES) versus
population predicted risperidone concentrations (Regression line shown as dashed line)
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Visual Predictive Check, risperidone observed data compared to the 95™, 50t, and 5t
percentiles for 100 simulated data sets. No of simulated observations = 3633, %
observations outside 90% CI = 0%. Observed data binned according to “ideal” sampling
times after dose 1, 2, 4 and 7 h. Comparison of median (dashed line) and 5-95™ percentile
interval (solid black lines)
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Visual Predictive Check, 9-OH risperidone observed data compared to the 951, 50t and 5t
percentiles for 100 simulated data sets. No of simulated observations = 3794, %
observations outside 90% CI = 3%. Observed data binned according to “ideal” sampling
times after dose 1, 2, 4 and 7 h. Comparison of median (dashed line) and 5-95™ percentile

interval (solid black lines)
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Table 1

Demographics n (%)
Subjects 45
Children (2-12 years) 32 (71.1%)
Adolescent (12-21 years) 13 (28.8%)
Number of observations

Risperidone 168
(=)-9-hydroxyrisperidone 172
(+)-9-hydroxyrisperidone 172

Sex

Male 40 (88.9%)
Female 5(11.1%)
Race

White 42 (93.3%)
White + Black (mixed) 3(6.7%)
Ethnicity

Non-Hispanic 45 (100%)
Age (years) 9.6 £3.7 (3-18.3)
Weight (kg) 43 +20.2 (16.8-110)

Dose range (total daily dose, mg)
Risperidone concentration (ng/mL)
(-)-9-hydroxyrisperidone (ng/mL)
(+)-9-hydroxyrisperidone (ng/mL)
CYP2D6

Phenotype

Genotype

Mean £SD (range)
(0.25-6.00)

6.5 6.4 (0.14-30.1)
8.4 +7.6 (0.5-44.0)
3.84 +2.97 (0.4-12.6)
n=28
15 extensive metabolizer
6 intermediate metabolizer
7 poor metabolizer

S(X1/*1); B(X1/*2A); 2(1/%2); 2(*1/*41); 1(*1/*4); L(*1/*5); L(*1/*6); 1(*1/*9); 1(*4/*4DUP); 5(*4/
*4); 1(*4/*5)

SD = standard deviation; ng = nanograms; mL = millilitres; mg = milligrams; kg = kilograms; CYP2D6 = cytochrome P450 2D6; DUP =

duplication.

Ther Drug Monit. Author manuscript; available in PMC 2013 October 01.



Page 22

Sherwin et al.

W = Jw ‘swesboueu = Bu ‘auoprIddsLIAX0IPAY-6 = HO-6 ‘duopuadsil = 4S1Y ‘Aljigeriea paurejdxaun [enpisal = ANY S19zZ1|0eIaW SAISUSIX

a1am oym s39alqgns Jo Juadlad = zd ‘s1azijogeisw Jood asam oym s19algns Jo Juadtad = Td S1azI|0geIsW aleIpaWIBUI = || ‘SI9ZI|0geIdW BAISURIXS = T ‘siazijogeisw Jood = N ‘AljIgelien [enpisal
eLIeA 103[gns usamiag = ASg ‘auopladsiIAXolpAy-6 01 suopuiadsil Jo uonoely = 4 ‘auopliadsiAXoIpAy-6 JO
1P JO 3WINJOA = H/INIPA ‘1UBISUO0D 1) U0IdIOSaR = B ‘UOINQLISIP JO BWN|OA = /P ‘8dUeles]d = 4/ ‘swelboiy = B3 ‘sa| = 7 ‘SIN0y = Y ‘UOIRLIBA JO JUBIJIHS0I = AD ‘J0.LI3 plepuels = 35

1O UONELIeA JO JUBIO1J80D = O A)

uonna

NIH-PA Author Manuscript

eLIeA [ENPIAIPULIBIUL JO UOITBLIBA JO JUSIDIB00 = ™ ‘A

Paxt,

HINPA = S/PA,
¥S'0-v'0 G0 190 | €719 144 (w/Bu) HO-6 as-(°) ANY
92'0-T0- 800 1.0 | 98 G0 (w/Bu) ds1y as-(e) Any
€0-8T°0- L0°0 989 | €95 Ly'0 (%) HO-6 AO-(2) ANY
97'0-T10°0 120 vec | T9E 800 (%) dS1d AD-(2) ANY
9'9-200 g0 Lol | 9se G0 NT10-(™) ASE
€1°0-T00°0 €00 18T T6 €00 NI T10-(®) ASE
L'0-6°0 590 g6z | 112 900 N3 10-(®) ASE
61°0-50'0- L0°0 §'9¢ 96 L0°0 INd 12-(™) ASE
T'Z-€0°0 610 Sy | 6L 20 PA-(®) ASE
06-5'0 v'es - 6'ST 691 (N3) 2d
6vT-7'0 L'L€ - LT T'LE (Ad) 1d
- - - qt IN1-1
§0-€00 7’0 - T'9€ €10 NEEN]
§'0-T0°0 670 - LT 910 -3
6'89-9¢°0 0'0¢ 70T 76C (Y1) Wi ur 310
Ltrv'0T GYe - 20'S v'L€ (U wauw41o
€0T-€'L 68 - 76 8€'6 (ur1) Wd ur4/10
2676 206 - v 06 (B3102/u1) 4/W1D
T0T-£55 L - | ez gL 2(1) 3/NPA 3 S/PA
- - - - qs¢ (1-u) e
1D %56 UesiN AOOOH = Cv memuoom %/AN\D %3S _ Sojewll]ss Jslaweded slolsweded

[opOW 21NMXIW Juswredwod auo 1oy Sarewnsa Jalaweled anauodewreyd feul4

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Ther Drug Monit. Author manuscript; available in PMC 2013 October 01.



