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Abstract
Background and Objectives Aripiprazole is an atypical antipsychotic drug that is metabolized by cytochrome P450 (CYP) 
2D6 and CYP3A4, which mainly form its active metabolite dehydro-aripiprazole. Because of the genetic polymorphism of 
CYP2D6, plasma concentrations are highly variable between different phenotypes. In this study, phenotype-related physi-
ologically based pharmacokinetic models were developed and evaluated to suggest phenotype-guided dose adjustments.
Methods Physiologically based pharmacokinetic models for single dose (oral and orodispersible formulation), multiple 
dose, and steady-state condition were built using trial data from genotyped healthy volunteers. Based on evaluated models, 
dose adjustments were simulated to compensate for genetically caused differences.
Results Physiologically based pharmacokinetic models were able to accurately predict the pharmacokinetics of aripipra-
zole and dehydro-aripiprazole according to CYP2D6 phenotypes, illustrated by a minimal bias and a good precision. For 
single-dose administration, 92.5% (oral formulation) and 79.3% (orodispersible formulation) of the plasma concentrations of 
aripiprazole were within the 1.25-fold error range. In addition, physiologically based pharmacokinetic steady-state simula-
tions demonstrate that the daily dose for poor metabolizer should be adjusted, resulting in a maximum recommended dose 
of 10 mg, but no adjustment is necessary for intermediate and ultra-rapid metabolizers.
Conclusions In clinical practice, CYP2D6 genotyping in combination with therapeutic drug monitoring should be considered 
to personalize aripiprazole dosing, especially in CYP2D6 poor metabolizers, to ensure therapy effectiveness and safety.
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Key Points 

A physiologically based pharmacokinetic (PBPK) model 
for aripiprazole and dehydro-aripiprazole was success-
fully developed to predict the pharmacokinetics in geno-
typed healthy volunteers, taken into account relevant 
cytochrome P450 (CYP) 2D6-related and CYP3A4-
related changes in different CYP2D6 phenotypes.

Based on CYP2D6 phenotypes, PBPK models for single 
dose, multiple dose, and steady state were developed and 
verified to calculate phenotype-guided dose adjustments.

To ensure therapy effectiveness and safety for each 
patient, PBPK models indicate a maximum recom-
mended daily dose of 10 mg for CYP2D6 poor metabo-
lizers, but no adjustment is necessary for intermediate 
and ultra-rapid metabolizers.

PBPK models show that routine CYP2D6 genotyping 
of patients with schizophrenia can improve a patient’s 
safety, especially for CYP2D6 poor metabolizers.
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1 Introduction

Schizophrenia is a chronic and severe mental disorder, 
affecting 20 million people worldwide [1]. Although medi-
cation exists to manage several symptoms of schizophre-
nia, patients with schizophrenia are two to three times more 
likely to die earlier than the general population [2]. There-
fore, an effective and individualized therapy with antipsy-
chotic agents such as aripiprazole (ARI) is crucial.

Aripiprazole is a an atypical generation antipsychotic 
commonly indicated for the treatment of schizophrenia and 
the acute treatment of manic and mixed episodes associated 
with bipolar I disorder [3]. The drug shows a unique mech-
anism of action compared with other antipsychotic drugs, 
displaying partial agonist activity at dopamine  D2,  D3, and 
serotonin 5-HT1A receptors, and acts also as a 5-HT2A and 
5-HT7 receptor antagonist [4–6]. Aripiprazole is mainly 
metabolized via the hepatic cytochrome P450 (CYP) 2D6 
and CYP3A4 by three biotransformation pathways: dehydro-
genation, hydroxylation, and N-dealkylation [7]. Based on 
dehydrogenation, the active metabolite dehydro-aripiprazole 
(D-ARI) is formed, which accounts for about 40% of the area 
under the curve (AUC) of the parent drug in plasma at steady 
state [3, 8]. The pharmacokinetics of ARI is linear and dose 
proportional within the doses of 5–30 mg [3]. Although ARI 
is the predominant drug moiety in systematic circulation, 
both ARI and D-ARI show similar pharmacological proper-
ties [3, 9]. The therapeutic reference range of ARI amounts 
to 10–350 µg/L and for the active moiety (ARI plus D-ARI) 
150–500 µg/L, according to the consensus guidelines for 
therapeutic drug monitoring in neuropsychopharmacology 
[10].

Considering a therapeutic range with best clinical out-
comes and a minimum of side effects, there is evidence for 
inter-individual variability of plasma concentrations of ARI 
and D-ARI [8, 11]. The wide pharmacokinetic variability of 
drugs metabolized by CYP2D6 is largely explained by its 
genetic polymorphism [12]. CYP2D6 is a highly polymor-
phic gene with more than 100 allelic variants, which leads 
to a classification into four different phenotypes [13, 14]: 
poor metabolizers (PMs), intermediate metabolizers (IMs), 
normal metabolizers (NMs), and ultra-rapid metaboliz-
ers (UMs). Because of the genetic variations in CYP2D6, 
CYP2D6 PMs carry two no function alleles, leading to a 
lack of enzyme activity [15]. As a consequence, PMs show 
higher plasma concentrations and a longer half-life (t1/2) 
[146 h vs 75 h] for ARI [3, 12]. Based on the wide CYP-
mediated metabolism and high inter-individual variability, 
dose adjustments of ARI should be considered, as has been 
suggested in the past for other antipsychotics such as risp-
eridone [16] and aripiprazole [3].

The aim of the current study was to develop a mecha-
nistic, whole-body, physiologically based pharmacokinetic 

(PBPK) model for ARI, D-ARI, and the sum of ARI plus 
D-ARI, according to the phenotype. Single-dose models for 
oral and orodispersible formulations as well as multiple-
dose models were created and the pharmacokinetics between 
different phenotypes was analysed. In addition, we investi-
gated the influence of the CYP2D6 phenotype on plasma 
concentrations of ARI, D-ARI, and the active moiety to 
support phenotype-guided dose adjustments that compen-
sate for genetic differences. We choose the PBPK approach 
because this method allows a more mechanistic insight into 
the pharmacokinetics in comparison to population pharma-
cokinetic models, which is an empirical approach. To our 
knowledge, this is the first study examining the effects of 
CYP2D6 phenotype-related physiological changes on the 
pharmacokinetics of ARI, D-ARI, and the sum of ARI plus 
D-ARI, resulting in phenotype-guided dosing strategies 
using a PBPK approach.

2  Materials and methods

2.1  PBPK Modeling

The modeling and simulation was performed using PK-
Sim® and  MoBi® Version 8.0 as part of the Open Systems 
Pharmacology Suite (download: http:// www. open- syste 
ms- pharm acolo gy. org/). This freely available, whole-body 
simulation software package allows the description of drugs 
in humans and several other animal species [17, 18]. Briefly, 
the software implements a generic structure consisting of 
17 different compartments, each representing a single organ 
or tissue, that are organ-specifically connected to the arte-
rial and venous blood pool [17, 19, 20]. Moreover, each 
organ is subdivided into subcompartments [20]. Based on 
physicochemical properties, and specific absorption, dis-
tribution, metabolism and excretion data of the drug, the 
software package estimates a drug-related model parameter 
to describe the rate and extent of drug disposition in each 
compartment [19]. For a detailed description, please refer to 
the user software manual [18].

2.2  Single‑Dose Study Data

For PBPK modeling and simulation of ARI, plasma con-
centration data obtained in six randomized crossover bio-
equivalence clinical trials (EUDRA-CT: 2012-004241-32, 
2012-005274-60, 2012-002016-97, 2012-003196-19, 2013-
002478-35, and 2013-004146-42) after single-dose adminis-
tration to healthy Caucasian volunteers were used. Fifty-five 
of a total of 97 participants received an oral tablet of 10 mg 
of  Abilify®, while the other 42 participants received an oro-
dispersible formulation of 10 mg of  Abilify®. After single-
dose administration, blood samples of all 97 participants 

http://www.open-systems-pharmacology.org/
http://www.open-systems-pharmacology.org/
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were collected at the following times after dosing: 1, 2, 4, 6, 
8, 10, 12, 24, 48, and 72 h. CYP2D6 genotyping and plasma 
concentration measurements were conducted by previously 
reported standard methods [21].

After CYP2D6 genotyping of all 97 healthy volunteers, 
genotypes were translated to phenotypes, based on the activ-
ity score (AS) system [13]. In this system, each allele is 
assigned to an activity value that is used for the phenotype 
translation published by Caudle et al. [22]. Here, individuals 
with an AS of 0 are categorized as PMs, individuals with an 
AS of 0.25–1 are IMs, individuals with an AS of 1.25–2.25 
are NMs, and individuals with an AS > 2.25 are UMs [22]. 
Demographic data considering different phenotypes of the 
single-dose study are summarized in Table 1.

2.3  Multiple‑Dose Study Data

Furthermore, plasma concentration data of a multiple-dose 
clinical trial (EUDRA-CT: 2018-000744-26) including 24 
healthy volunteers (14 Latin Americans and ten Caucasians) 
were used for modeling and simulation [23]. Oral 10-mg 
tablets of ARI were administered during 5 consecutive days 
and 22 blood samples were collected from each participant. 
Plasma concentrations of ARI and D-ARI were measured at 
the following time points: seven samples on day 1 (pre-dose, 
and 1, 2, 3, 5, 8, and 12 h after dosing); one pre-dose sample 
on days 2, 3, and 4; seven samples on day 5 (pre-dose, 1, 
2, 3, 5, 8, and 12 h after dosing); and one sample on days 
6, 7, 9, 11, and 15. CYP2D6 genotyping and subsequent 
phenotype translation were performed as described above 
(Sect. 2.2). Demographic data considering CYP2D6 phe-
notypes of the multiple-dose study are shown in Table 2.

2.4  PBPK Model Development and Verification

For the development of an initial PBPK model, a sys-
tematic literature search of previous publications on ARI 
and D-ARI was conducted. In this context, drug-related 
and metabolite-related physicochemical data, as well as 
absorption, distribution, metabolism and excretion-specific 
and physiologically specific parameters were obtained. For 
modeling and simulation, ARI, D-ARI, and other inac-
tive metabolites were implemented and all biotransforma-
tion pathways of ARI (dehydrogenation, hydroxylation, 
and N-dealkylation) were considered. Both metabolizing 
enzymes CYP2D6 and CYP3A4 were integrated and the 
drug transporter P-glycoprotein (ABCB1) was incorpo-
rated in the model. Furthermore, a renal clearance for ARI 
was assumed to be 0.04 mL/h/kg [24].

Initial PBPK models were verified using plasma con-
centration data of two independent datasets containing 
single-dose and multiple-dose clinical trials. First, only 
single-dose data including data of two different formula-
tions were used: oral tablets and orodispersible tablets. For 
modeling and simulation of the oral tablet formulation, the 
release of the drug from the formulation was implemented 
into PK-Sim® as a Weibull function, with a parabolic dis-
solution shape of 0.92 and a dissolution time (50% dis-
solved) of 3.50 minutes. A lag time was not included in the 
model because the tablets do not have an enteric coating 
[3]. The orodispersible tablet formulation of  Abilify® was 
integrated into the software as a dissolved formulation. At 
this point of modeling, individual CYP2D6 phenotypes 
were not considered. Simulation time was set to 72 h. 
PBPK models were further evaluated and modeling param-
eters refined. When single-dose PBPK models showed the 

Table 1  Characteristics of genotyped subjects in the single-dose study. All values represent the median including the range

BMI body mass index, IM Intermediate metabolizer, f female, m male, NM normal metabolizer, PM poor metabolizer, UM ultra-rapid metabo-
lizer

Abilify® formulation Phenotype Number
Male/female

Age (years) Weight (kg) Height (cm) BMI (kg/m2)
Median (range)

Oral tablet ∑ n = 55 NM 28
18/10

25.0 (19.0–51.0) 72.5 (51.4–94.8) 174 (150–194) 24.0 (20.6–30.0)

IM 21
14/7

23.0 (19.0–44.0) 72.1 (54.8–86.1) 173 (159–180) 24.0 (19.0–28.1)

PM 1
1/0

27.0 86.1 174 28.4

UM 5
3/2

28.0 (22.0–30.0) 66.8 (52.0–100) 174 (167–183) 21.3 (18.6–29.8)

Orodispersible tablet ∑ n = 42 NM 27
16/11

23.0 (19.0–47.0) 71.3 (49.0–98.0) 171 (158–181) 24.1 (18.2–30.0)

IM 13
6/7

23.0 (18.0–52.0) 66.1 (51.7–76.3) 169 (155–187) 24.0 (19.2–29.6)

PM 2
0/2

32.3 (23.0–41.0) 58.6 (52.9–64.2) 158 (153–162) 23.5 (22.6–24.5)
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best possible fit for both formulations, multiple-dose simu-
lations (simulation time 360 h) were developed and model-
building parameters further optimized. Specific hepatic 
clearance as well as a specific renal clearance of D-ARI 
were refined and modified according to the predicted val-
ues of ARI [25]. Here, specific clearance is defined as the 
intrinsic clearance normalized to the volume where the 
process occurs [18]. The catalytic rate constants (kcat), 
also known as the turnover frequency for both metaboliz-
ing enzymes CYP2D6 and CYP3A4 were fitted as close as 
possible to the mean plasma concentration through param-
eter optimization. Moreover, modeling parameter partition 
coefficients for both ARI and D-ARI were calculated using 
the method described by Poulin and Theil according to 
the observed data. Model-building parameters are listed 
in Table 3.

2.5  CYP2D6 Phenotype Implementation

For CYP2D6 phenotype guided modeling, all participants 
of the single-dose and multiple-dose clinical trials were 
genotyped and phenotyped (Tables 1, 2). Based on the new 
subgroups, separate simulations were developed to allow a 
comparison between the different phenotypes. Previously 
integrated kcat values for CYP2D6 and CYP3A4 were fur-
ther refined and set into their proportion of metabolism. 
Here, a percentage of 40% was set for the dehydrogenation 
(CYP2D6 and CYP3A4) from ARI to D-ARI and 60% for 
hydroxylation and N-dealkylation to inactive metabolites.

Next, all kcat values were set into ratio and further evalu-
ated and refined until the best possible fit between observed 
and estimated plasma concentration–time profiles of ARI 
and DARI were reached. Best fit was determined using the 
parameter identification tool of PK-Sim®, based on single-
dose modeling as well as on multiple-dose modeling results. 
For PMs, the kcat values for CYP2D6-mediated dehydro-
genation and hydroxylation were set to 0/min in representa-
tion of its null metabolizing capacity [12, 13]. For the other 
phenotypes, CYP2D6 kcat values increased with the number 
of functional alleles from IMs, NMs, to UMs. For UMs, 
exhibiting at least three functional alleles, kcat values were 

set to be 33% higher compared with the kcat values of NMs 
[13]. In contrast to CYP2D6, kcat values for CYP3A4 were 
kept constant for all phenotypes, as this enzyme has no clini-
cally relevant polymorphism. An overview of all enzymatic 
input parameters is shown in Table 4.

2.6  Steady‑State PBPK Model

Next, PBPK models were transmitted to steady state. Mean 
t1/2 are about 75 h and 94 h for ARI and D-ARI, respec-
tively. For simulations, the dose was fixed to 15 mg/day, 
which is the recommended dose for the management of 
schizophrenia and bipolar mania in adults, according to the 
manufacturer’s prescribing information [3]. For steady-
state simulations, only oral tablet formulations of  Abilify® 
were performed, as pharmacokinetic studies showed a bio-
equivalence between oral and orally disintegrating tablets 
[3]. Furthermore,  Abilify® tablets are available in more 
different strengths (2 mg, 5 mg, 10 mg, 15 mg 20 mg, and 
30 mg) than oral disintegrating tablets (10 mg and 15 mg) 
[3] and allow more clinical-associated simulations in the 
case of a possible dose adjustment. Overall, modeling and 
simulation were performed for ARI, D-ARI, and the active 
moiety, respectively. For the simulation of the active moi-
ety, a new equation has been developed in  MoBi®, which 
was implemented in PK-Sim® (see Eq. 1).

where art is arterial blood, bon is bone, C is concentration in 
plasma, fQ is blood flow rate, mus is muscle, and skn is skin.

(1)

c active moiety =
[

fQ(art)ARI × C(art)ARI + fQ(bon)ARI

×C(bon)ARI + fQ(fat)ARI × C(fat)ARI

+fQ(mus)ARI × C(mus)ARI + fQ(skn)ARI

×C(skn)ARI
]

+
[

fQ(art)D−ARI

×C(art)D−ARI + fQ(bon)D−ARI

×C(bon)D−ARI + fQ(fat)D−ARI

×C(fat)D−ARI + fQ(mus)D−ARI

×C(mus)D−ARI + fQ(skn)D−ARI

×C(skn)D−ARI
]

Table 2  Characteristics of 
genotyped subjects in the 
multiple-dose study. All values 
represent the median including 
the range

BMI body mass index, f female, IM intermediate metabolizer, m male, NM normal metabolizer, PM poor 
metabolizer, UM ultra-rapid metabolizer

Phenotype Number
Male/female

Age (years) Weight (kg) Height (cm) BMI (kg/m2)
Median (range)

NM 14
8/6

28.5 (21.0–65.0) 69.1 (57.6–91.0) 168 (145–193) 25.4 (21.1–31.0)

IM 8
3/5

27.0 (21.0–41.0) 66.5 (58.0–98.0) 167 (158–191) 25.2 (19.8–24.9)

UM 2
1/1

27.0 (25.0–29.0) 63.9 (57.2–70.5) 165 (154–176) 23.4 (22.8–24.1)
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Therapeutic reference ranges were set to 100–350 µg/L 
for ARI and 150–500 µg/L for the active moiety, according 
to Hiemke et al. [10]. For predicted plasma concentrations 
outside the therapeutic range, the daily dose was adjusted 
until it was within the therapeutic reference range.

2.7  Model Evaluation

The evaluation of the PBPK models was carried out in 
accordance with the guideline on the reporting of PBPK 
modeling and simulation [29]. Different pharmacokinetic 
parameters, such as AUC, maximum plasma concentration 
of the drug (Cmax), time it takes until the drug reached the 
Cmax (tmax), trough plasma concentrations as well as the  t1/2 
were calculated by the software package or performed in 
R (Version 3.5.2; R Foundation for Statistical Computing, 
Vienna, Austria) [30].

The quality of the PBPK model evaluation for single dose 
and multiple dose were analysed using goodness-of-fit plots 
and weighted residuals vs observed plasma concentrations. 
To describe the accuracy and precision of the models, pre-
diction error (PE), mean prediction error (MPE), and mean 

absolute prediction error (MAPE) were calculated according 
to Eqs. 2–4:

(2)PE
[

%
]

=
predicted − observed

observed
× 100,

(3)MPE
[

%
]

=
1

n
×

n
∑

i=1

PEi

Table 3  Input parameters 
for the physiologically based 
pharmacokinetic model of ARI 
and D-ARI

ARI aripiprazole, CL clearance, D-ARI dehydro-aripiprazole, fup fraction unbound of ARI and D-ARI in 
plasma, logP logarithm of octanol/water partition coefficient, pKa negative decadic logarithm of acid dis-
sociation constant
a Reported values: 4.9, 5.21[25]
b Reported values: 4.98, 5.19[25]

Parameter ARI D-ARI References

Model setting Standard model for 
small molecules

Standard model for 
small molecules

Partition coefficient Poulin and Theil Poulin and Theil [26]
Cellular permeability PK-Sim® Standard PK-Sim® Standard
Molecular weight (g/mol) 448.38 446.38 [3]
pKa 7.46 7.46 [25]

13.51 13.56 [25]
logP (log units) 5.11a 5.21b Modified 

according to 
the predicted 
values [25]

Protein binding (%) > 99 > 99 [3]
Fraction unbound in plasma (%) 0.01 0.01 [27]
Protein binding partner Albumin Albumin [3]
Solubility at pH 7 (µg/mL) 0.02 0.02 [28]
Plasma  CLrenal (mL/h/kg) 0.04 0.03 [24]

Modified 
according to 
the value of 
ARI [24]

Plasma  CLhepatic (mL/h/kg) 20.0 Fitted
Kcat ABCB1 Transporter  (min−1) 1.98 Fitted

Table 4  Summary of phenotype-related input parameter for CYP2D6 
and CYP3A4

CYP cytochrome P450, kcat turnover frequency, IM intermediate 
metabolizer, NM normal metabolizer, PM poor metabolizer, UM 
ultra-rapid metabolizer

Enzymatic pathway UM NM IM PM

kcat CYP2D6 dehydrogenation  (min-1) 34.7 26.6 20.0 0
kcat CYP3A4 dehydrogenation  (min-1) 13.3 13.3 13.3 13.3
kcat CYP2D6 hydroxylation  (min-1) 53.2 40.0 30.0 0
kcat CYP3A4 N-dealkylation, hydroxy-

lation  (min-1)
20.0 20.0 20.0 20.0
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3  Results

3.1  Single‑Dose Modeling

Single-dose PBPK models accurately described plasma 
concentrations for a population of healthy volunteers after 
10-mg single-dose administration of both oral and orodis-
persible tablet formulations of ARI (Figs. 1, 2). Aripipra-
zole is rapidly absorbed and shows a predicted Cmax between 
52.1 and 55.5 µg/L for oral tablet formulations and between 
50.0 and 55.0 µg/L for orodispersible tablet formulations, 
depending on the CYP2D6 phenotype. Predicted Cmax 
occurred within 3 h after dosing and predicted mean t1/2 of 
ARI amounts to 68.6 h, which are both in accordance with 
the information provided by the prescribing information of 
the manufacturer [3]. In PMs, predicted and observed Cmax 
and tmax of ARI tended to be higher and the elimination 
much slower than in the other phenotypes (Figs. 1, 2).

Physiologically based pharmacokinetic models for oral 
and orodispersible tablets of ARI can accurately predict the 
influence of the CYP2D6 phenotype, as can be seen by the 
respective MPE and MAPE values (Table 5). For oral tab-
let formulations, models show a minimal bias (MPE) with 
a range of − 2.80 to 4.36% for ARI and − 17.1 to 20.2% 
for D-ARI and a good precision (MAPE) with a range of 
4.26–18.9% for ARI and 11.6–22.3% for D-ARI in their 
prediction. In accordance with this, simulations for the oro-
dispersible tablet formulation also show a high accuracy 
illustrated by a minimal bias (MPE) with a range of − 30.0 
to 19.4% for ARI and D-ARI as well as a good precision 
(MAPE) with a range of 5.53–30.0% for ARI and D-ARI, 
respectively. Moreover, 92.5% (oral tablet) and 79.3% (oro-
dispersible tablet) of the ARI plasma concentrations and 
67.5% (oral tablet) and 69.0% (orodispersible tablet) of the 
D-ARI plasma concentrations were in the 1.25-fold error 
range in the goodness-of-fit plots (Fig. 3a, c). It is noticeable 
that the simulations overestimate the plasma concentrations 
of ARI in PMs, especially in the terminal phase. The over-
estimation of ARI can be seen in both types of formulations, 
suggesting that the clearance of ARI is under-predicted. 
This in turn leads also to an underestimation of the plasma 
concentrations of the active metabolite D-ARI resulting in 
respective values for bias and precision.

(4)MAPE
[

%
]

=
1

n
×

n
∑

i=1

|PEi|.
3.2  Multiple‑Dose Modeling

Multiple-dose PBPK models were able to predict the phar-
macokinetics of ARI and its active metabolite in healthy 
volunteers, especially in NMs and IMs (Fig. 4). Simulations 
for both phenotypes showed minimal bias illustrated by an 
overall MPE of 21.0% (NMs), 23.6% (IMs), and a good 
precision represented by an overall MAPE of 31.9% (NMs) 
and 33.9% (IMs) of ARI. At trough concentrations (24, 48, 
72, and 96 h after the first dose), models showed a MAPE 
range for ARI of 1.12–11.9% for NMs, 7.71–14.3% for IMs, 
and 34.8–97.6% for UMs as well as a range for D-ARI of 
8.34–22.3% for NMs, 1.98–38.5% for IMs, and 12.3–28.2% 
for UMs. An overestimation of the plasma concentrations 
of the parent drug can be detected in UMs (n = 2), result-
ing in respective values for bias and precision compared to 
NMs (n = 14) and IMs (n = 8). However, 63.6% of all UMs 
observed plasma concentrations of the two participants were 
within the predicted standard deviation. For PMs, only pre-
dicted plasma concentration–time curves are presented, as 
no healthy volunteer enrolled in the multiple-dose clinical 
trial was genotyped as CYP2D6 PM.

3.3  Steady‑State Modeling

Steady-state simulations were performed for ARI and the 
active moiety and compared to the respective therapeutic 
reference ranges [10]. With respect to the simulations of 
ARI, all predicted mean trough plasma concentrations for 
NMs, IMs, PMs, and UMs were in the therapeutic refer-
ence range of 100–350  µg/L (Fig.  5). Here, mean pre-
dicted Css,min amounts to 164 µg/L (NMs), 174 µg/L (IMs), 
215 µg/L (PMs), and 153 µg/L (UMs) and its correspond-
ing Css,max amounts to 224 µg/L (NM), 235 µg/L (IMs), 
277 µg/L (PMs), and 214 µg/L (UMs). However, predicted 
upper standard deviation at Css,max for both IMs (362 µg/L) 
and PMs (424 µg/L) were outside the therapeutic reference 
range. This is in accordance with the steady-state simula-
tions of the active moiety (Fig. 6). Here, mean predicted 
Css,max of the active moiety amounts to 332 µg/L for IM 
resulting in an upper value of the standard deviation of 
505 µg/L. In PMs, mean predicted Css,max of the active moi-
ety tended to be higher than IMs and amounts to 372 µg/L 
and its corresponding upper value of the standard deviation 
to 566 µg/L. Thus, predicted upper values of the standard 
deviation of IMs and PMs are above the therapeutic refer-
ence range. In contrast to the upper limit of the standard 
deviation, all predicted mean trough plasma concentrations 
of the active moiety are within the therapeutic reference 
range.
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3.4  Dose Adjustment

Based on steady-state simulations, dose adjustments for 
all phenotypes were considered. For IMs and UMs, no 
adjustment was necessary. Regarding PMs, the daily 
dose was reduced from 15 to 10 mg (Fig. 7). As a conse-
quence, mean predicted Css,min of ARI decreased from 215 
to 172 µg/L and mean Css,max from 277 to 222 µg/L. This 
trend was also evident in the simulations of the active 
moiety. Mean predicted Css,min decreased from 308 to 

249 µg/L and Css,max decreased from 372 to 301 µg/L. 
The dose reduction also leads to a decrease of the upper 
predicted standard deviation of Css,max by − 22.6%, which 
means a value of 438 µg/L. As a result of the dose adjust-
ment for PMs, both predicted means and standard devia-
tions do not exceed the upper limit of the therapeutic 
reference range.

Fig. 1  Plasma concentration–time curves (mean and standard devia-
tion) of aripiprazole (filled circles) and dehydro-aripiprazole (open 
circles) after the administration of an oral single 10-mg dose of ari-
piprazole in healthy adults according to their cytochrome P450 2D6 
phenotype. Solid colored lines indicate the mean and the colored area 

indicates the ± standard deviation of the physiologically based phar-
macokinetic model. Circles indicate observed plasma concentrations. 
a Normal metabolizer (n = 28). b Intermediate metabolizer (n = 21). 
c Poor metabolizer (n = 1). d Ultra-rapid metabolizer (n = 5)
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4  Discussion

In the present study, we analyzed the influence of CYP2D6 
polymorphism on the pharmacokinetics of ARI and D-ARI 
by PBPK modeling and simulation. For the first time, 
various PBPK models for single-dose and multiple-dose 

predictions of the plasma concentrations of ARI, D-ARI, 
and the active moiety were developed and evaluated, accord-
ing to the CYP2D6 phenotype. Although a previous PBPK 
study reported a relationship between the CYP2D6 genetic 
polymorphism and the pharmacokinetics of ARI [31], to 
the best of our knowledge no other PBPK studies integrated 
CYP2D6-related information to optimize dosing strategies 
according to phenotypes.

The developed PBPK models successfully predict the 
pharmacokinetics of ARI and D-ARI according to the dif-
ferent CYP2D6 phenotypes, as demonstrated by minimal 
bias and good precision after single-dose administration in 
both formulations (Table 5). Overall, the models accurately 
predicted absorption, distribution, and elimination phases, 
showing precise AUC ratio values (Table 5), a Cmax 3 h after 
dosing, and a mean ARI  t1/2 of 68.6 h, which is in accord-
ance with the prescribing information provided by the manu-
facturer and previous investigations [3, 32].

In CYP2D6 PMs, predicted Cmax, tmax, and t1/2 of ARI 
tended to be higher and the elimination much slower com-
pared with NMs, IMs, and UMs (Figs. 1, 2). The main rea-
son for the variation in pharmacokinetic parameters of PMs 
is the loss of catalytic enzyme activity of CYP2D6 based on 
two no function CYP2D6 alleles [12, 33, 34]. Consequently, 
PMs do not convert ARI into its active metabolite D-ARI 
through CYP2D6, but only through CYP3A4. Therefore, 
Cmax and tmax of ARI increase and  t1/2 extends compared with 
the other phenotypes. Regarding the clearance and AUC 
within PMs, single-dose PBPK models suggest an under-
prediction of the clearance of ARI, resulting in a greater 
predicted AUC tend than observed (ratio 1.19 oral and 1.23 
orodispersible formulation; Table 5). In contrast, clearance 
of the active metabolite was over-predicted with an AUC 

Fig. 2  Plasma concentration–time curves (mean and standard devia-
tion) of aripiprazole (filled circles) and dehydro-aripiprazole (open 
circles) after the administration of an orodispersible single 10-mg 
dose of aripiprazole in healthy adults according to their cytochrome 
P450 2D6 phenotype. Solid colored lines indicate the mean and the 

colored area indicates the ± standard deviation of the physiologically 
based pharmacokinetic model. Circles indicate observed plasma con-
centrations. a Normal metabolizer (n = 27). b Intermediate metabo-
lizer (n = 13). c Poor metabolizer (n = 2)

Table 5  Ratio AUC tend, bias (MPE, %), and precision (MAPE, %) for 
10-mg single-dose modeling

AUC  area under the curve, ARI aripiprazole, D-ARI dehydro-aripipra-
zole, IM intermediate metabolizer, MAPE mean absolute prediction 
error, MPE mean prediction error, NM normal metabolizer, PM poor 
metabolizer

Phenotype Oral tablet Orodispersible 
tablet

ARI D-ARI ARI D-ARI

AUC tend (ratio) NM 1.00 1.03 1.03 1.09
IM 1.04 1.00 1.27 1.01
PM 1.19 0.92 1.23 0.77
UM 0.96 1.07

MPE (%) NM − 2.67 − 0.73 − 0.33 9.40
IM 0.57 15.0 19.4 0.27
PM 4.36 − 17.1 12.1 −30.0
UM − 2.80 20.2

MAPE (%) NM 7.10 11.6 5.53 16.2
IM 4.26 19.6 19.4 9.28
PM 18.9 19.0 19.7 30.0
UM 10.1 22.3
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tend ratio of 0.92 for the oral formulation and 0.77 for the 
orodispersible formulation (Table 5). For model application 
in a clinical environment, more data from CYP2D6 PMs 
are needed to verify and further revise the determination 
of hepatic and renal clearance. In addition, information on 
a patient’s hepatic and/or renal impairment is required for 
dose individualization. Multiple-dose PBPK models for 
UMs showed an overestimation in the plasma concentrations 

of ARI (Fig. 4), whereas single-dose PBPK models showed 
a slight underestimation in the terminal phase (Figs. 1, 2). 
One reason for this variation is the low number of partici-
pants in the multiple-dose study. Here, only two participants 
were genotyped as UMs (Table 2). In addition to the lim-
ited plasma concentration data, one of the participants was 
identified as Caucasian, the other one as Latin American, 
resulting in a large observed inter-individual variability of 

Fig. 3  a, c Goodness-of-fit plot for the model prediction of aripipra-
zole (filled circles) and dehydro-aripiprazole (open circles) plasma 
concentrations in healthy adults. b, d Relative residuals vs observed 
aripiprazole and dehydro-aripiprazole concentrations for healthy adult 
volunteers over the entire concentration range. The solid black line 
indicates the line of identity, dotted lines indicate the ±30% range, 

dashed lines indicate ± 50%, and filled (aripiprazole) and open (dehy-
dro-aripiprazole) circles indicate observed data. Black circles indicate 
normal metabolizers, blue circles indicate intermediate metaboliz-
ers, red circles indicate poor metabolizers, and green circles indicate 
ultra-rapid metabolizers. a, b oral formulation. c, d orodispersible 
formulation
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Fig. 4  Plasma concentration–
time curve profiles (mean and 
standard deviation) of aripipra-
zole (filled circles) and dehydro-
aripiprazole (open circles) after 
the administration of multiple 
oral 10-mg tablets of aripipra-
zole in healthy adults accord-
ing to their cytochrome P450 
2D6 phenotype. Solid colored 
lines indicate the mean and the 
colored area indicates the ± 
standard deviation of the physi-
ologically based pharmacoki-
netic model. Circles indicate 
observed plasma concentrations. 
a Normal metabolizer (n = 14). 
b Intermediate metabolizer (n 
= 8). c Poor metabolizer. For 
poor metabolizers, only the 
physiologically based pharma-
cokinetic simulation is shown. d 
Ultra-rapid metabolizer (n = 2)
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ARI and D-ARI between both participants. For modeling 
and simulation of UMs, an European population has been 
created according to the International Commission on Radi-
ological Protection guideline [35], as Latin Americans are 
not part of the modeling software package [18]. Although 
a European population was developed, almost 63.6% of the 
observed plasma concentrations were within the standard 
deviation of the prediction. To further optimize the PBPK 
model for UMs, more data are needed to consider more 
plasma concentrations for modeling and simulation. In this 
context, not only data from healthy volunteers should be 
used, but also data from patients with schizophrenia.

In the present study, our steady-state simulations of ARI 
and the sum of ARI plus D-ARI showed higher predicted 
plasma concentrations of PMs compared with the other three 
phenotypes (Figs. 5, 6). Because of the complex mecha-
nisms of action of ARI at different receptors (see Sect. 1), 

the clinical consequences of higher plasma concentrations 
might be difficult to predict, especially in PMs. As previ-
ously reported, the most frequent adverse events leading to 
discontinuation were psychosis and agitation [36]. Further-
more, different case reports of exacerbation of psychosis 
related to initiation of therapy have been described [37]. 
Based on the reported adverse drug reaction profiles of ARI, 
it is possible that an increased plasma concentration actu-
ally triggers psychotic symptoms, especially in PMs [38]. 
The increase in predicted steady-state plasma concentra-
tions indicates that a dose reduction for PMs should be con-
sidered (Figs. 5, 6). This dose adjustment would achieve 
similar plasma concentrations as NMs, IMs, and UMs and 
reduces the risk of suffering under potential adverse events. 
Our PBPK simulations for CYP2D6 PMs permit us to rec-
ommend a reduction from 15 to 10 mg/day, representing a 
decrease of 33.3% (Fig. 7). These findings are in accord-
ance with previous investigations by Hendset et al. reporting 

Fig. 5  Predicted concentration–time profiles of aripiprazole after the 
administration of multiple oral 15-mg daily doses of aripiprazole 
according to their cytochrome P450 2D6 phenotype. The solid lines 
indicate the mean plasma concentrations, the dashed lines indicate 

the ± standard deviation. The colored boxes represent the therapeutic 
reference range between 100 and 350 µg/L. a Normal metabolizer. b 
Intermediate metabolizer. c Poor metabolizer. d Ultra-rapid metabo-
lizer

Fig. 6  Predicted concentration–time profiles of the active moiety 
(aripiprazole plus dehydro-aripiprazole) after the administration of 
multiple oral 15-mg daily doses of aripiprazole according to their 
cytochrome P450 2D6 phenotype. The solid lines indicate the mean 

plasma concentrations, the dashed lines indicate the ± standard devia-
tion. The colored boxes represent the therapeutic reference range 
between 150 and 500  µg/L. a Normal metabolizer. b Intermediate 
metabolizer. c Poor metabolizer. d Ultra-rapid metabolizer
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a dose reduction of 30–40% for PMs [38]. In contrast to 
that, the manufacturer’s prescribing information referring 
to the US Food and Drug Administration label [3] as well 
as the Dutch Pharmacogenetics Working Group recommend 
half of the usual dose for known CYP2D6 PMs. Here, our 
PBPK simulations show that an overall dose reduction of 
50% should be avoided and a more individualized dose 
adjustment is advantageous. As the maximum daily dose of 
ARI amounts to 30 mg [3], a potential dose adjustment of 
50% would lead to a daily dose of 15 mg, which will cause 
plasma concentrations above the therapeutic reference range 
(Fig. 7). Regarding the predicted plasma concentrations and 
the available oral dosage forms and strengths (2 mg, 5 mg, 
10 mg, 15 mg, 20 mg, and 30 mg of  Abilify®), an adminis-
tration of not more than 10 mg/day should be recommended 
in PMs to ensure the best and safest therapy for each patient 
with schizophrenia.

Potential limitations should be considered when inter-
preting our results of PBPK modeling and simulation. 
First, study data from healthy volunteers were used rather 
than patients with schizophrenia, which may be limit-
ing when applying the results in clinical practice. The 
applicability needs to be evaluated, including pharma-
cokinetic data of patients with schizophrenia as well as 
elderly patients. Furthermore, more data of non-Caucasian 
individuals such as African or Asian individuals should 
be taken into account to analyze the impact of different 
ethnicities and to further optimize PBPK models. It is 
apparent that not only genetic but also environmental, 

physiological, pathological, and pharmacological aspects 
such as co-medication or co-morbidity should be con-
sidered to personalize dosing of ARI in a clinical envi-
ronment. In this context, other variables such as age and 
renal or hepatic impairment as well as acute infections or 
inflammations should be taken into consideration when 
interpreting modeling and simulation results for clinical 
application. Nonetheless, PBPK models presented in this 
work allow us to optimize dosing strategies for CYP2D6 
PMs. Within CYP2D6 IMs and UMs, no dose adjust-
ments have to be taken into account. It is apparent that not 
only genetic polymorphisms but also concomitant strong 
CYP2D6 and/or CYP3A4 inhibitors should be considered. 
In this regard, dose adjustments are necessary according 
to the prescribing information of the manufacturer [3]. 
Furthermore, food–drug interactions and other variables 
such as co-morbidity should be considered to finally per-
sonalize dosing in the clinical environment [39]. Nonethe-
less, based on predicted and observed high inter-individual 
variability of plasma concentrations between different 
CYP2D6 phenotypes, therapeutic drug monitoring in com-
bination with genotyping should be considered to ensure 
the best clinical outcome and a minimum of adverse drug 
reactions. For this purpose, analytical methods for plasma 
concentration measurements of ARI and D-ARI within 
therapeutic drug monitoring are already developed and 
ready for use. Nonetheless, the implementation of phar-
macogenetic analysis and therapeutic drug monitoring is 
not common in psychiatry, but would be very beneficial 

Fig. 7  Predicted concentration–time profiles after aripiprazole dose 
adjustment to 10 mg/day in cytochrome P450 2D6 poor metaboliz-
ers. The solid lines indicate the mean plasma concentrations and the 

dashed lines indicate the ± standard deviation. The colored boxes 
represent the therapeutic reference range between 150 and 500 µg/L. 
a Aripiprazole. b Active moiety
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for patients to ensure the effectiveness and drug safety of 
ARI therapy.

5  Conclusions

The present PBPK study demonstrates a CYP2D6-related 
influence of the genetic polymorphisms on the plasma 
concentrations and pharmacokinetics of ARI and D-ARI 
according to different phenotypes. For CYP2D6 PMs, 
PBPK models indicate a dose reduction to achieve steady-
state plasma concentrations comparable to those of the other 
phenotypes. Here, PBPK models suggest a maximum daily 
dose for patients with schizophrenia of 10 mg. However, 
IMs and UMs do not need a dose adjustment. Based on the 
highly recommended dose adjustment for CYP2D6 PMs, 
close therapeutic drug monitoring of ARI and D-ARI in 
combination with CYP2D6 genotyping should be considered 
to ensure a personalized and safe therapy for each patient. 
Therefore, efforts must be made to convince and involve 
psychiatrists more often, to make use of personalized treat-
ment strategies through pharmacogenetics or therapeutic 
drug monitoring to ensure the efficacy, safety, and adher-
ence of the patient.
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