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ABSTRACT

Physiologically based pharmacokinetic (PBPK) modeling of drug
disposition and drug-drug interactions (DDIs) has become a key
component of drug development. PBPK modeling has also been
considered as an approach to predict drug disposition in special
populations. However, whether models developed and validated in
healthy populations can be extrapolated to special populations is not
well established. The goal of this study was to determine whether a
drug-specific PBPKmodel validated using healthy populations could be
used to predict drug disposition in specific populations and in organ
impairment patients. A full PBPKmodel of atomoxetine was developed
using a training set of pharmacokinetic (PK) data from CYP2D6
genotyped individuals. The model was validated using drug-specific
acceptance criteria and a test set of 14 healthy subject PK studies.

Population PBPK models were then challenged by simulating the
effects of ethnicity, DDIs, pediatrics, and renal and hepatic impairment
on atomoxetine PK. Atomoxetine disposition was successfully pre-
dicted in 100%ofhealthy subject studies, 88%of studies inAsians, 79%
of DDI studies, and 100% of pediatric studies. However, the atom-
oxetine area under the plasma concentration versus time curve (AUC)
wasoverpredictedby 3- to 4-fold in endstage renal diseaseandhepatic
impairment. The results show that validated PBPK models can be
extrapolated todifferent ethnicities,DDIs, andpediatricsbutnot to renal
and hepatic impairment patients, likely due to incomplete understand-
ing of the physiologic changes in these conditions. These results show
that systematic modeling efforts can be used to further refine pop-
ulation models to improve the predictive value in this area.

Introduction

Physiologically based pharmacokinetic (PBPK) models integrate
population-specific physiologic parameters with drug-specific phys-
icochemical and pharmacokinetics (PK) information to describe and
predict drug disposition in various populations (Jones et al., 2009).
PBPK modeling has become widespread in drug development, with
different model development and acceptance strategies employed at
different stages of drug development (Jones et al., 2015). Due to their
mechanistic nature and the possibility of integrating population-
specific physiologic changes, PBPK models may allow prediction of
drug disposition in challenging clinical situations such as renal
impairment (RI) and hepatic impairment (HI) patients, pediatric
populations, and pregnant women prior to clinical studies. The
confidence in the use of PBPK modelling in preclinical and clinical
PK predictions and in drug-drug interaction (DDI) predictions for
drugs mainly cleared by cytochrome P450s (P450s) is high (Jones
et al., 2015), and the use of PBPK modeling to predict standard drug

disposition has been widely recommended (Committee for Medicinal
Products for Human Use [CHMP], 2005; Rowland et al., 2011; Center
for Drug Evaluation and Research, 2012; Huang and Rowland, 2012;
Huang et al., 2013). However, while population models for HI, RI,
and pediatrics have been incorporated into some of the PBPK
simulation platforms (Edginton et al., 2006; Johnson et al., 2006,
2010; Edginton and Willmann, 2008; Rowland Yeo et al., 2011),
confidence in PBPK modeling in situations involving ethnic varia-
tions, pediatrics, renal and hepatic insufficiency, and active transport
is low or moderate (Jones et al., 2015; Wagner et al., 2015). Overall, it
has been reported that the predictive performance of PBPK models in
organ impairment populations still remains to be demonstrated, and
additional research is needed on system components in this area
(Wagner et al., 2015). Limited experience in other specific popula-
tions has been stated to prevent drawing conclusions on the predictive
performance of PBPK modeling (Wagner et al., 2015). Critically,
systematic studies to delineate the underlying reasons why PBPK
modeling approaches fail to predict drug disposition in specific
clinical scenarios are lacking. Generally, this could be due to poor
drug models, inaccurate or incomplete population models, or low-
quality and/or inaccurate clinical data. Distinguishing between these
causes is particularly challenging since each drug has its own inherent
PK variability, and therefore the commonly used n-fold metric to
assess model performance may be too stringent for some drugs and
too tolerant for others in evaluating model performance (Abduljalil
et al., 2014), regardless of population and drug model quality. The aim
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of this study was to test whether a drug PBPK model validated for
healthy volunteers could be extrapolated to special populations with
current knowledge of the system components. A recently proposed,
statistically rigorous model acceptance criterion (Abduljalil et al.,
2014) was used to evaluate model performance, to account for drug-
specific variability in PK data, and to avoid bias from variable quality
of clinical data. A rigorous training/validation/extrapolation work-
flow (Fig. 1) was employed to delineate drug- and population-specific
factors affecting model performance. Atomoxetine was used as the
model compound since it is a Food and Drug Administration (FDA)
recognized, well characterized, and a sensitive CYP2D6 probe
substrate. Detailed in vitro data on metabolic pathways of atom-
oxetine and the inhibition of CYPs by atomoxetine is available (Ring
et al., 2002; Sauer et al., 2004; Shen et al., 2007), as well as
extensive in vivo intravenous and oral dosing PK data including
absolute bioavailability in CYP2D6 genotyped populations (Center
for Drug Evaluation and Research, 2002; Sauer et al., 2003). In
addition, atomoxetine PK has been well characterized in pediatric
populations (Center for Drug Evaluation and Research, 2002; Brown
et al., 2016), in several different ethnic groups including Japanese and
Chinese populations with different CYP2D6 genotypes (Center for Drug
Evaluation and Research, 2002; Cui et al., 2007), and in HI populations
and end stage renal disease (ESRD) (Center for Drug Evaluation and
Research, 2002; Chalon et al., 2003). Since detailed PK parameters for
atomoxetine are available in all of the aforementioned populations and in
thorough DDI studies with atomoxetine as a precipitant or object drug

(Center for Drug Evaluation and Research, 2002; Sauer et al., 2004;
Todor et al., 2015), atomoxetine provides an ideal model substrate to
evaluate comprehensive model validation and extrapolation from healthy
adult populations to various special populations, and for analysis of
population and drug model performance.

Materials and Methods

Data Sources and Subject Demographics. Human clinical PK data available
for atomoxetine was collected from the University of Washington Drug
Interaction Database (http://www.druginteractioninfo.org), National Center for
Biotechnology Information database (http://www.ncbi.nlm.nih.gov/pubmed),
and new drug application (NDA) database (http://www.fda.gov/Drugs/Informa-
tionOnDrugs), accessed on January 1, 2016. Search keywords included “atom-
oxetine” in the NDA and University of Washington Drug Interaction Database,
and “atomoxetine AND pharmacokinetics” in the National Center for Bio-
technology Information database. In total, 88 documents were identified that
contained information on atomoxetine. Case reports and studies not reporting PK
data were excluded, leaving 10 documents with relevant PK data (Belle et al.,
2002; Center for Drug Evaluation and Research, 2002; Chalon et al., 2003; Sauer
et al., 2003, 2004; Cui et al., 2007; Matsui et al., 2012; Choi et al., 2014; Todor
et al., 2015; Brown et al., 2016). Themajority of the identified human PKdata was
originally reported in the Strattera NDA submission package and later published
(Belle et al., 2002; Chalon et al., 2003; Sauer et al., 2004;Matsui et al., 2012). The
trials included in the present analysis, and the subject demographics for each trial
are summarized in Supplemental Table 1.

Model Acceptance Criterion. For assessment of model performance, drug-
specific model acceptance criteria based on variability in observed human PK data

Fig. 1. The workflow of developing and validating the atomoxetine
full-PBPK model and extrapolating the validated model to predict
atomoxetine disposition in different ethnicities, special populations,
and DDIs.
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for atomoxetine were calculated using recently published methods (Abduljalil
et al., 2014) according to the following equations:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln

"�
CV%
100

�2

þ 1
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�
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sffiffiffiffi
N

p
�

ð2Þ

B�x ¼ exp

�
lnð�xÞ2 4:26

sffiffiffiffi
N

p
�

ð3Þ

where CV% represents the observed mean of the coefficient of variation of the
area under the curve (AUC) or theCmax value from all of the identified PK trials;s
is the calculated variability of a given PK parameter in the population; �x is the
observed mean AUC or Cmax value; and N is the mean number of subjects in the
clinical studies. The calculated values of A and B are the upper and lower
boundaries for acceptable fold error, respectively. The PK studies used for
calculation of A and B for AUC and Cmax included studies in CYP2D6 extensive
metabolizers (EMs) and poor metabolizers (PMs) as summarized in Supplemental
Table 2. The calculated acceptance criterion ranges were 0.56- to 1.77-fold and
0.74- to 1.35-fold for the AUC values in the EM and PM populations,
respectively, and 0.76- to 1.32-fold and 0.75- to 1.34-fold for the Cmax values
in the EM and PM populations, respectively (Supplemental Table 3). Each
simulated PK study was compared with the observed values and the results were
ranked as acceptable or unacceptable based on whether the mean simulated value
was within the acceptance criteria.

PBPK Parameter Input and Model Development. The atomoxetine full
PBPKmodel was developed using both top-down and bottom-up approaches and
Simcyp Population-Based Pharmacokinetic Simulator version 14 (Simcyp Lim-
ited, Certara, Sheffield, United Kingdom) (Jamei et al., 2009). The physico-
chemical properties and drug-specific in vivo PK characteristics were collected
from the atomoxetine product label (https://www.accessdata.fda.gov/drugsatf-
da_docs/label/2011/021411s035lbl.pdf) and the NDA submission file (Center for
Drug Evaluation and Research, 2002). The fraction absorbed (Fa) for atomoxetine
was estimated as 0.96 based on the recovery of atomoxetine and its metabolites in
urine following intravenous and oral dosing in CYP2D6 PM subjects (Sauer et al.,
2003). The blood-to-plasma ratio and Qgut (Yang et al., 2007), a hybrid term
including both villous blood flow and permeability through enterocytemembrane,
were predicted in Simcyp.

The fraction of atomoxetine clearance byCYP2D6 (fm,2D6) in the CYP2D6 EM
population was estimated as 87.6% based on the difference in clearances in EM
and PM populations using the following equation (Ito et al., 2005):

fm;2D6 ¼ 12
AUCEMDPM

DEMAUCPM
ð4Þ

The final fm,2D6 value was calculated as a mean value of fm,2D6 values calculated
from three pairs of genotyped CYP2D6 EM and PM in vivo PK studies in the
NDA as shown in Supplemental Table 4. The remaining hepatic clearance was
attributed to CYP2C19, based on a human in vivo study in genotyped individuals
assessing the role of CYP2C19 in atomoxetine metabolism (Choi et al., 2014)

The intrinsic clearance (CLint) values of atomoxetine by CYP2D6 (CLint,

CYP2D6) and CYP2C19 (CLint, CYP2C19) were calculated using the Simcyp
retrograde calculator based on the estimated fm,2D6 and systemic atomoxetine
clearance measured after intravenous administration to CYP2D6 EM subjects
(Center for Drug Evaluation and Research, 2002). Based on this approach
the CLint,CYP2D6 value was 25.4 ml/min/pmol and the CLint,CYP2C19 value was
1.84ml/min/pmol. Renal clearance was calculated by dividing the total amount of
atomoxetine excreted in urine up to infinity by the atomoxetine AUC in CYP2D6
EM subjects following administration of radiolabeled atomoxetine to healthy
subjects (Sauer et al., 2003). The inhibition constants of atomoxetine for CYP2D6
and CYP3A4 were collected from the literature (Sauer et al., 2004). All of the PK
parameters used for model development are summarized in Table 1 and the final
atomoxetine drug model is included in the Supplemental Material. The atom-
oxetine volume of distribution was predicted using a full PBPK model in Simcyp.
Out of the two methods available, method 2 described originally by Rodgers and
Rowland (2006) was selected for prediction of the tissue-to-plasma partition
coefficients (Kp values) for individual tissues. The predicted volume of distribution

at steady state (Vss) value was 0.74 l/kg, compared with the observed atomoxetine
Vss value of 1.02–1.09 l/kg (Center for Drug Evaluation and Research, 2002)
following intravenous dosing in healthy subjects.

Simulation of Atomoxetine Disposition and Validation of the Atom-
oxetine PBPK Model. All simulations were performed using the Simcyp
population-based simulator and a full PBPK model. Virtual Simcyp library
populations of healthy volunteers, japanese and chinese, pediatric population, and
organ impairment patients were used. For each simulation, a random seed subject
selection was implemented except for DDIs where simulations were conducted as
fixed seed to account for the crossover trials. For each simulation, a trial of
100 virtual subjects was used in which the gender and age range of the virtual
populationmatched the reported clinical study data (Supplemental Table 1). If not
reported, the gender distributionwas set as 1:1 and the age range was set as 18–55.
In addition, all simulations only included Caucasian subjects except for specific
simulations of other ethnicities since most of the subjects in all studies were
Caucasians (Supplemental Table 1) and limited mixed population models are
available. The seven PK studies (a training set) listed in Table 2 were used for
CYP2D6 fm calculation and model development. After the model was developed,
it was validated using 14 trials, which included both CYP2D6 EM and PM
populations, single and multiple dosing regimens, and FDA approved and off-
label dosing regimens that were not used in model development.

Simulation of Atomoxetine PK in Different Ethnic Groups. To evaluate
the applicability of the validated atomoxetine model to PK prediction in different
ethnic groups, atomoxetine disposition was simulated in Chinese and Japanese
populations using the Simcyp library Chinese, Japanese, and Caucasian
populations with and without adjustment for atomoxetine CLint based on the
activity of CYP2D6*10/*10, a genotype common in Asian populations. First, the
Simcyp library Chinese and Japanese population models were directly applied to
the validated atomoxetine substrate model. For each population, the phenotype
was set as either CYP2D6 EM or intermediate metabolizer (IM) to simulate the
CYP2D6 EM and CYP2D6*10/*10 genotyped populations, respectively.
Second, the Simcyp library Caucasian population model was used to simulate
the Asian population studies to examine the appropriateness of different CYP

TABLE 1

Physicochemical and PK parameters of atomoxetine used in the PBPK
model development

Parameter Value Reference

Physicochemical
Molecular Weight (g/mol) 255.36 Stattera NDA
Log P 3.9 NDA
pKa 9.8 NDA
fu 0.025 NDA
B/P 0.623 Simcyp prediction toolbox

Absorption
Fa 0.96
ka (l/h) 1.2 Optimized
Qgut (l/h) 11.9 Simcyp prediction toolbox

Distribution
Vss (l/kg) 0.74 Simcyp prediction

full PBPK method 2
Metabolism/elimination

CLi.v. (l/h) 16.3 NDA
CLr (l/h) 0.185 Sauer et al. (2003)
fm,CYP2D6 0.876

Recombinant CLint (ml/min/pmol)
CYP2D6 25.4
CYP2C19 1.84

P450 enzyme abundance
(pmol/mg microsomal protein)
CYP2D6 EM 8 (61)a Simcyp default value
CYP2C19 EM 14 (40)a Optimized

Interaction
CYP2D6 Ki (mM) 34.3 Sauer et al. (2004)
CYP3A4 Ki (mM) 3.6 Sauer et al. (2004)

B/P, blood-to-plasma ratio; CLi.v., clearance after intravenous administration; CLr, renal
clearance; Fa, fraction absorbed; fm, fraction metabolized; fu, fraction unbound in plasma; ka,
absorption rate constant; Ki, inhibition constant; Log P, log octanol:water partition coefficient;
Qgut, drug absorption flow to intestine; Vss, volume of distribution at steady state.

aMean value (coefficient of variance).
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enzyme levels in different population models. Third, a reduced atomoxetine CLint
value was incorporated in the drug file based on in vitro data of atomoxetine CLint
by the CYP2D6*10 enzyme being only 8.6% of the CLint by the CYP2D6*1
enzyme (Shen et al., 2007). To predict the CLint of atomoxetine in the
CYP2D6*10/*10 genotyped population, the existing PK data in the CYP2D6
EM phenotype population with mixed genotypes was analyzed based on the
CYP2D6 activity score system (Gaedigk et al., 2008) and the known allele
frequencies for CYP2D6 genotypes in different populations (Gaedigk et al.,
2017). CYP2D6 activity scores were assigned as described for CYP2D6 alleles
and their corresponding activity scores (Gaedigk et al., 2008). For example,
CYP2D6*3 and CYP2D6*4 were assigned activity score 0, CYP2D6*9 and
CYP2D6*10 were assigned activity score 0.5, and CYP2D6*1 and CYP2D6*2
were assigned activity score 1, and the activity scores for each allele were added to
obtain the overall activity score for each subject. Of the Caucasian population,
89.3% is phenotypically CYP2D6 EM, which includes CYP2D6 activity scores 1,
1.5, and 2 (Gaedigk et al., 2017). The activity score distribution within only the
CYP2D6 EM Caucasian population is 33.5% for activity score 1, 16.6% for
activity score 1.5, and 50% for activity score 2. As a result, the expected mean
in vivo atomoxetine clearance in the Caucasian population with this distribution of
activity scores is expected to be 79% of that in the population with 100% activity
score 2 (calculated based on net EM activity being 33.5% � 1 + 16.6% � 1.5 +
50% � 2 and solving from this the value for activity score 1). Using this
calculation the CLint value in a population with 100% activity score
2 (CYP2D6*1) is 32.0 ml/min/pmol and the CLint value of atomoxetine in
CYP2D6*10/*10 individuals is calculated to be 2.77 ml/min/pmol (0.086 �
32 ml/min/pmol). This calculated CLint value in CYP2D6*10/*10 subjects was
incorporated into the atomoxetine substrate model when simulating atomoxetine
disposition in CYP2D6*10/*10 subjects, and the simulations were repeated using
the Simcyp library Chinese, Japanese, and Caucasian EM population models.

Simulation of Atomoxetine PK in DDI Studies. To evaluate the applica-
bility of the validated atomoxetine model to predict DDIs, DDI studies that
matched those conducted with atomoxetine were simulated. Four DDI studies
were identified, providing atomoxetine PK parameters when administered alone
or with knownCYP2D6 inhibitors (fluoxetine and paroxetine) or probe substrates
midazolam (CYP3A) and desipramine (CYP2D6). For these simulations, pre-
viously published fluoxetine, paroxetine, and midazolam models (Ke et al., 2013;
Sager et al., 2014) and the Simcyp library desipramine model were used. The
performance of these models was evaluated using drug-specific acceptance
criteria calculated using the same method as described for atomoxetine and
existing PK data for paroxetine (Calvo et al., 2004; Schoedel et al., 2012),
midazolam (Eap et al., 2004; Kharasch et al., 2004), and desipramine (Steiner and
Spina, 1987; Spina et al., 1993, 1996, 1997) in healthy subjects. The calculation
and the acceptance criteria are summarized in Supplemental Tables 5 and 6. The
calculated AUC acceptance criterion fold ranges for paroxetine, midazolam, and
desipramine were 0.59–1.69, 0.6–1.66, and 0.54–1.85, respectively. The
simulated AUC values of all coadministered drugs were within their acceptance

criteria, and hence all coadministered drug models were considered acceptable.
Finally, the atomoxetine disposition was simulated in the presence and absence of
the coadministered drugs, and the AUC and Cmax ratios were computed.

Simulation of Atomoxetine PK in Special Populations. To evaluate
whether the atomoxetine model validated in healthy adults could be used to
predict atomoxetine PK in pediatric population, ESRD patients, and HI patients,
atomoxetine disposition in these populations was simulated using the existing
Simcyp library special population models. Based on the evaluation of atom-
oxetine PK variability in these populations, the model performance was assessed
using the same criterion as presented for the healthy adult population. For
pediatrics simulation, the Simcyp library pediatric population model was used
with corresponding CYP2D6 genotype information provided in each study. For
HI simulation, the Simcyp Child-Pugh B and Child-Pugh C population models
with CYP2D6 EM were used according to the reported trials (Center for Drug
Evaluation and Research, 2002; Chalon et al., 2003). For ESRD, the Simcyp
eGFR ,30 l/h population was used according to the data in the atomoxetine
NDA. Since the ESRD clinical study did not specify the CYP2D6 genotypes of
the subjects, the CYP2D6 genotype distribution was set as the Simcyp default,
i.e., 85% EM, 8% PM, and 7% ultrarapid metabolizer in the ESRD population
model. In addition, due to the limited number of subjects (N = 6) in the ESRD
study, 50 trials of six subjects were simulated using random seed selection to
capture possible interstudy variability due to small sample size and variable
genotype distribution. Dialysis data were not available for the ESRD population
and hence were not included in the simulation.

Results

Atomoxetine PBPK Model Development and Validation. The
atomoxetine PBPK model (Table 1) was first developed and optimized
using a training data set (see the Supplemental Material for compound
file and representative model output). The training set included both
intravenous and oral dosing regimens and CYP2D6 EM and PM
populations (Fig. 1). All of the simulated AUC and Cmax values of the
training set studies met the predefined drug-specific model acceptance
criteria for AUC and Cmax (Table 2), confirming the model parameters
such as absorption rate constant, bioavailability, clearance, and Vss. The
model was then validated using a separate test data set of 14 human PK
studies including both CYP2D6 EM and PM populations, single and
multiple dosing regimens, and FDA approved and off-label dosing
regimens (Table 3). Similar to the training data set, all of the simulated
AUC and Cmax values for the validation studies were within the
acceptance criteria (Table 3). Therefore, the model was considered
validated for healthy adult Caucasian subjects with CYP2D6 EM and
PM genotypes.

TABLE 2

Model development PK data set

The clinical studies used as the training set and the simulated and observed AUC and Cmax values for these studies are shown for the EM and PM populations and
for the oral and intravenous routes of administration. All trial names are from the NDA file (Center for Drug Evaluation and Research, 2002).

Trial Dose
AUC Cmax

Mean Observed Acceptance Range Mean Simulated Mean Observed Acceptance Range Mean Simulated

mg mg×h/ml mg×h/ml mg×h/ml ng/ml ng/ml ng/ml

EM population (oral dosing)
B4L-LC-HFBJ 10a 0.51 0.30–0.88 0.49 85 64–112 79
B4L-LC-HFBJ 90a 5.47 3.17–9.41 4.35 813 618–1073 715
B4Z-LC-LYAE 30b 1.22 0.71–2.10 1.44 320 243–422 278

PM population (oral dosing)
B4L-LC-HFBJ 10a 4.21 3.20–5.50 5.21 171 127–231 207
B4L-LC-HFBJ 90a 36.7 27.9–48.1 39.7 1518 1123–2049 1237
B4Z-LC-LYAE 30b 11.9 9.04–15.6 12.4 1264 935–1706 1087

EM population (i.v. dosing)
B4Z-LC-LYAM 20a 1.37 0.77–2.42 1.72 663 504–875 628

aOnce a day dosing regimen.
bTwice a day dosing regimen.
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Simulation of Atomoxetine PK in Different Ethnicities. To test
whether the atomoxetine model validated in Caucasians could be used to
predict atomoxetine disposition in Chinese and Japanese populations,
atomoxetine disposition was simulated using the Simcyp built-in
Chinese and Japanese population models without any modifications
(Table 4). Since the reported studies showed PK data separately for
CYP2D6 EM and CYP2D6*10/*10 genotyped subjects, atomoxetine
disposition was separately simulated using the Chinese and Japanese
CYP2D6 EM and IM populations. Overall, when using these popula-
tions the majority of the simulated PK parameters did not pass the model
acceptance criteria (Table 4). For CYP2D6EM subjects, only 38%of the
simulated PK parameters met the study specific acceptance criteria and
even these simulations resulted in predictions close to the upper limit of
the acceptance range. For CYP2D6*10/*10 genotyped subjects (con-
sidered as Japanese and Chinese IM subjects), 63% of the simulated PK
parameters met the acceptance criteria. Therefore, compared with the
100% simulation success rate in the 14 validation studies, the predictions
of atomoxetine disposition in Asian populations using Simcyp Asian
population models was unacceptable. Of note, the Chinese and Japanese
population models have presumptively lower CYP2D6 expression than
the Caucasian population. This may result in simulation failure if
Caucasian and Asian subjects of similar genotype (same activity score)
actually have similar CYP2D6 protein expression levels. To test this,
atomoxetine disposition in Japanese and Chinese populations was
simulated using the Caucasian population model. Doing so, 100%
atomoxetine PK parameters in Chinese and Japanese EM subjects were
acceptably predicted. In addition, the atomoxetine specific CLint changes
in CYP2D6*10/*10 subjects were incorporated into the model based on
published in vitro data, to test whether in vitro pharmacogenetic data
could be used to reliably predict in vivo disposition in this genotype
group. Doing so, the Chinese and Japanese population models poorly
predicted atomoxetine PK parameters in Chinese and Japanese
CYP2D6*10/*10 subjects with 0% success rate. On the other hand,
after applying the CLint changes the Caucasian population model

predicted the disposition of atomoxetine in Chinese and Japanese
CYP2D6*10/*10 subjects with 75% success rate.
Simulation of Atomoxetine PK in DDI Studies. To evaluate the

applicability of the validated model in predicting atomoxetine disposition
in DDI scenarios, atomoxetine disposition was simulated when coadmi-
nistered with the CYP2D6 inhibitors fluoxetine and paroxetine and the
probe drugs desipramine and midazolam (Table 5). The PBPK models for
all of the coadministered drugs resulted in simulated AUC andCmax values
within their acceptance criteria (Supplemental Table 7). Overall, for a total
of 12 simulated DDI trials, the atomoxetine AUC value was predicted
acceptably in 11 (92%) trials and the Cmax value was predicted acceptably
in eight (67%) trials (Table 5). The only study in which the atomoxetine
AUC value was not predicted within the acceptance criteria was a study in
which 40 mg atomoxetine was coadministered with desipramine (Table 5).
In the same study, the AUC value following 60 mg dosing of atomoxetine
was accurately predicted. In the observed data, there was no dose-
proportional increase in the atomoxetine AUC value between the 40 mg
(n = 6) and 60 mg (n = 15) dose groups despite atomoxetine having linear
kinetics. Based on this discrepancy in the experimental data, possibly due to
the small sample size (N = 6) in the 40 mg dose group, the 92%
performance rate of the model was considered acceptable.
The effect of CYP2D6 inhibition by paroxetine on the atomoxetine

AUC and Cmax values was well predicted. In the two paroxetine DDI
studies, 100%of the atomoxetineAUCandCmax valuesmet the acceptance
criteria (Table 6). Furthermore, in the two studies the atomoxetine AUC
values were reported to increase 7.0-fold (Center for Drug Evaluation and
Research, 2002) and 5.6-fold (Todor et al., 2015), respectively, and the
corresponding predicted increaseswere 6.7-fold and 5.9-fold. Similarly, the
atomoxetine Cmax values were reported to increase 3.8-fold (Center for
Drug Evaluation and Research, 2002) and 1.7-fold (Todor et al., 2015),
while 3.9- and 1.5-fold increases in the Cmax values were predicted in the
two studies, respectively. For the paroxetine DDI study with available
plasma-concentration time data points, all of the observed data points were
within the 95% confidence interval (CI) of the simulations (Fig. 2). These

TABLE 3

Model validation PK data set

The clinical studies used as the validation set and the simulated and observed mean AUC and Cmax values for these studies are shown for the EM and PM
populations and for the approved and off-label dosing regimens. All trial names are from the NDA file (Center for Drug Evaluation and Research, 2002).

Trial Dose
AUC Cmax

Mean Observed Acceptance Range Mean Simulated Mean Observed Acceptance Range Mean Simulated

mg mg×h/ml mg×h/ml mg×h/ml ng/ml ng/ml ng/ml

EM populationa

B4Z-LC-LYAM 40b 1.80 1.04–3.10 1.82 326 248–430 341
B4Z-LC-LYAL 40b 2.11 1.22–3.63 1.92 333 253–440 318
B4Z-LC-LYAZ 60b 3.02 1.75–5.19 2.8 529 402–698 477
B4L-LC-HFBH 20c 1.08 0.63–1.86 1.16 160 121–211 200
B4Z-LC-LYAE 45c 1.97 1.14–3.39 2.16 490 372–647 416

PM populationa

B4Z-LC-LYAK 40b 14.5 11.0–19.0 15.9 564 417–761 568
B4L-LC-HFBH 20c 8.44 6.41–11.1 9.51 915 677–1235 917
B4Z-LC-LYAE 45c 18.0 13.7–23.6 18.6 1868 1382–2522 1631

EM populationd

B4L-LC-HFBJ 120b 7.42 4.16–13.1 5.64 1053 800–1390 1000
B4Z-LC-LYAE 60c 2.67 1.50–4.73 3.03 646 491–852 593
B4Z-LC-LYAE 75c 3.70 2.07–6.55 3.81 821 624–1084 723

PM populationd

B4L-LC-HFBJ 120a 51.6 38.2–69.7 48.9 2233 1675–2992 1829
B4Z-LC-LYAE 60b 26.7 19.8–36.0 26.1 2919 2189–3911 2591
B4Z-LC-LYAE 75b 37.4 27.7–50.5 33.2 3999 2999–5359 3288

aFDA approved dosing regimen.
bOnce a day dosing regimen.
cTwice a day dosing regimen.
dOff-label dosing regimen.

1160 Huang et al.

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.076455/-/DC1
http://dmd.aspetjournals.org/


results demonstrate excellent agreement between the observed and
simulated DDIs. However, in the presence of fluoxetine, the atomoxetine
Cmax values were underpredicted despite the AUC values being within the
acceptance criteria. Since the plasma concentration-time curves for this
study were not available, the quality of the experimental data for Cmax

determination could not be assessed. The fold change in the atomoxetine
AUC value in the presence of fluoxetine could not be evaluated since the
data from the control session in this study were not available. As expected,
there was no change in the atomoxetine AUC or Cmax value after
coadministration of midazolam or desipramine (both administered as a
single dose) with atomoxetine (Table 5). Importantly, the PBPK modeling
also accurately predicted midazolam and desipramine disposition in the
presence and absence of coadministered atomoxetine and the lack of a DDI
in these scenarios (Supplemental Table 7).
Simulation of Atomoxetine PK in Special Populations. To

evaluate the applicability of the validated model in predicting atomoxetine
disposition in special populations, atomoxetine disposition was simulated
in pediatric subjects, ESRD, and HI patients. When atomoxetine
disposition was simulated in the pediatric population, all simulated AUC
and Cmax values for the four trials were within the acceptance criteria
(Table 6). Based on these data, the validated model could be successfully
applied to predict atomoxetine disposition in both EM and PM pediatric

populations. The observed plasma concentration-time curves for the
pediatric trials were all within the 95% CI of the predicted mean (Fig. 3).
The predicted atomoxetine AUC value in ESRD was 2-fold greater

than that in the matching healthy population (Table 6). This
magnitude of increase in the atomoxetine AUC value (the ratio of
the AUC in ESRD over healthy) is in agreement with the reported data
of the AUC change in ESRD (Center for Drug Evaluation and
Research, 2002) (Table 6). However, neither the overall simulated
AUC nor the Cmax met the acceptance criteria in either healthy
subjects or in the ESRD patients. This could potentially be due to the
small sample size (n = 6) of the ESRD study and the variability of the data
in this population. When the 50 simulated trials of ESRD patients were
assessed, only 20% of thesemet the acceptance criteria of the AUC (Fig. 4)
and none of themmet the acceptance criteria of Cmax. It is also noteworthy
that the observed AUC in the healthy subject group in the ESRD study
would not have met the acceptance criteria for the atomoxetine AUC in the
healthy subject studies with the same dosage (20 mg) and this AUC is not
within the observed AUCs in the healthy population.
When atomoxetine disposition was simulated in the population with

moderate and severe HI in comparison with healthy controls, a 4- to
10-fold increase in the atomoxetine AUC value was predicted in HI
compared with the control (Table 6). This predicted effect of HI greatly

TABLE 4

Simulated and observed atomoxetine PK in different ethnic populations

Atomoxetine disposition in Chinese and Japanese subjects was simulated using the different models in Simcyp as described in Materials and Methods. Bold values
are outside the acceptance range.

CYP2D6 Status
Observed Value

(Acceptance Range)a
Simulated

Asian Populationa
Simulated

Caucasian Populationa

AUC (mg*hr/mL)
Chinese study 40 mg single doseb

EM 2.24 (1.28–3.97) 3.53 1.95
CYP2D6*10/*10 (IM) 4.96 (2.82–8.78) 7.62
CYP2D6*10/*10 adjustedb 18.2 8.10

Chinese study 80 mg every day for 7 days
EM 4.43 (2.52–7.84) 7.06 3.36
CYP2D6*10/*10 (IM) 9.69 (5.53–17.2) 16.3
CYP2D6*10/*10 adjustedb 35.8 16.3

Japanese study 10 mg single dosec

EM 0.44 (0.25–0.78) 0.93 0.38
CYP2D6*10/*10 (IM) 0.71 (0.41–1.26) 2.13
CYP2D6*10/*10 adjustedb 6.80 2.03

Japanese study 120 mg single dosec

EM 5.26 (3.00–9.31) 11.2 4.65
CYP2D6*10/*10 (IM) 9.8 (5.59–17.3) 25.5
CYP2D6*10/*10 adjustedb 81.7 24.0

Cmax (ng/mL)
Chinese study 40 mg single dose

EM 360 (247–472) 480 343
CYP2D6*10/*10 (IM) 530 (403–694) 600
CYP2D6*10/*10 adjustedb 709 543

Chinese study 80 mg every day for 7 days
EM 815 (619–1068) 1079 651
CYP2D6*10/*10 (IM) 1199 (911–1571) 1499
CYP2D6*10/*10 adjustedb 2319 1379

Japanese study 10 mg single dosed

EM 102 (77.2–133) 124 86
CYP2D6*10/*10 (IM) 125 (95.1–164) 160
CYP2D6*10/*10 adjustedb 181 136

Japanese study 120 mg single dosed

EM 978 (743–1281) 1490 860
CYP2D6*10/*10 (IM) 1271 (966–1665) 1880
CYP2D6*10/*10 adjustedb 2178 1630

IM, intermediate metabolizer.
aGeometric mean.
bThe CLint value for atomoxetine was adjusted based on in vitro data as discussed in Materials and Methods.
cTrial B4Z-LE-LYAN; the AUC values are given (mg×h/ml) (Center for Drug Evaluation and Research, 2002).
dTrial B4Z-LE-LYAN; the Cmax values are given (ng/ml) (Center for Drug Evaluation and Research, 2002).
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exceeded the observed 1- to 2.5-fold increase in the atomoxetine AUC
value in HI. While the model predicted atomoxetine disposition in
healthy subjects within the acceptance criteria, both the AUC and Cmax

values were significantly overpredicted in the HI populations and these
simulations did not meet the model acceptance criteria.

Discussion

The goal of this study was to evaluate whether a drug PBPK model
validated against a comprehensive in vivo PK data set in healthy

volunteers with different genotypes could be used with previously
developed population models to simulate drug disposition in specific
patient groups. Atomoxetine, a well-characterized CYP2D6 probe was
used as themodel drug. A full PBPKmodel was developed and validated
for atomoxetine, and this model can be used in the future to simulate
atomoxetine disposition in healthy volunteers. This study is the first of
its kind to cross-evaluate population models for a probe drug with a
validated drug model. Overall, the findings were consistent with
previous reports emphasizing low confidence in population models for
HI, ESRD, and different ethnicities, but confirm high confidence in

TABLE 6

Simulated and observed atomoxetine PK in special populations

The observed and predicted mean atomoxetine AUC and Cmax values together with the acceptance criteria for each study are listed. The observed and simulated
data are shown for genotyped pediatric populations, patients with ESRD, and healthy controls in the same study and for HI patients (Child-Pugh B and Child-Pugh C)
and controls in the same study. For the ESRD and HI studies, the ratios of the PK values in disease versus healthy was calculated for observed and simulated data and
are also reported. Bold values are outside the acceptance range.

Population
AUC Cmax

Mean Observed Acceptance Range Mean Simulated Mean Observed Acceptance Range Mean Simulated

mg×h/ml mg×h/ml mg×h/ml ng/ml ng/ml ng/ml

Pediatric populationa

EMb 0.65 0.364–1.14 1.07 144 109–189 167
EM 1c 0.89 0.505–1.58 1.17 179 136–234 225
EM 2d 1.23 0.692–2.17 1.17 255 194–334 225
PMe 12.7 9.35–17.1 12.4 638 479–836 500

ESRD patient populationf

Healthy 0.50 0.28–0.88 1.47 92.3 70.1–121 184
ESRD 1.00 0.57–1.77 2.98 105 80.1–138 230
Ratio of E-H 2.00 2.03 1.14 1.25

HI patient populationg

Healthy subjects 0.69 0.394–1.22 0.97 0.142 0.081–0.251 0.17
CP-B 1.16 0.661–2.05 4.63 0.115 0.066–0.204 0.32
CP-C 2.54 1.45–4.50 10.4 0.125 0.071–0.221 0.41
Ratio of CP-B/H 1.68 4.77 0.81 1.88
Ratio of CP-C/H 3.67 10.7 0.88 2.41

CP-B, Child-Pugh B; CP-C, Child-Pugh C; H, healthy.
aData from Center for Drug Evaluation and Research (2002) and Brown et al. (2016).
bData from atomoxetine NDA submission file with CYP2D6 EM phenotype population (Center for Drug Evaluation and Research, 2002).
cData from subjects with CYP2D6 activity score of 1 (data from Brown et al. (2016).
dData from subjects with CYP2D6 activity score of 2 (data from Brown et al. (2016).
eData from CYP2D6 PM subjects (data from Brown et al. (2016).
fTrial B4Z-LC-HFBM (Center for Drug Evaluation and Research, 2002).
gTrial B4Z-LC-HFBN (Center for Drug Evaluation and Research, 2002).

TABLE 5

Simulated and observed atomoxetine PK in DDI studies

The observed and predicted mean atomoxetine AUC and Cmax values together with the acceptance criteria for each study are listed. For the DDI studies both study
sessions (control and coadministration) were simulated and are reported. All studies were conducted in EM populations except ATM + MDZ. Bold values are outside
the acceptance range.

Trial Dose
AUC Cmax

Mean Observed Acceptance Range Mean Simulated Mean Observed Acceptance range Mean Simulated

mg mg×h/ml mg×h/ml mg×h/ml ng/ml ng/ml ng/ml

ATM + FLXa 10 2.82 1.64–4.85 2.02 328 249–433 242
45 14.4 8.35–24.8 9.09 1686 1281–2226 1110

ATMa 20 0.85 0.491–1.46 0.95 184 139–243 165
ATM + PRXa 20 5.97 3.46–10.3 6.39 690 524–911 643
ATMb 25 1.15 0.65–2.03 1.13 221 168–290 204
ATM + PRXb 25 6.45 3.64–11.4 6.64 373 283–489 304
ATMa 40 3.18 1.84–5.47 1.94 552 420–729 351

60 2.69 1.56–4.63 2.92 591 449–780 527
ATM + DESa 40 3.47 2.01–5.97 1.94 557 423–735 351

60 3.01 1.75–5.18 2.92 647 492–854 527
ATM + MDZa,c 60 23.4 17.8–30.7 24.7 2610 1931–3524 2454

60 24.3 18.5–31.8 27.1 2694 1996–3637 2663

ATM, atomoxetine; DES, desipramine; FLX, fluoxetine; MDZ, midazolam; PRX, paroxetine.
aData from the atomoxetine NDA submission (Center for Drug Evaluation and Research, 2002).
bData from Todor et al. (2015).
cData from CYP2D6 PM subjects.
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PBPK modeling in healthy volunteers and DDI studies (Jones et al.,
2015, Wagner et al., 2015). Importantly, due to the rigorous model
development/validation/extrapolation workflow employed, the findings
of this study allow differentiating potential causes of low confidence in
specific population simulations including questions of clinical data
quality and uncertainties in population models.
It has been suggested that small clinical studies and high intrinsic

variability in PK contribute to poor model performance (Abduljalil et al.,
2014). To address this issue, this study used a statistical model
acceptance criterion (Abduljalil et al., 2014) that is calculated specifi-
cally for the drug of interest based on the observed PK variability of that
drug. This criterion is based on the 99.998% CI of all observed clinical
data, and hence it is expected that nearly all simulations will be within
this criterion regardless of the study size or data variability since only
0.002% of clinical data should be outside of the criterion range. For
atomoxetine, due to the relatively low variability in its disposition, the
calculated 99.998% CI was more stringent than the commonly used
2-fold criterion. The acceptance range was 0.56- to 1.77-fold for the EM
population and 0.74- to 1.35-fold for the PM population. This is in
agreement with previous studies stating that the 2-fold criterion may be
scientifically too lenient to assess model quality for some drugs
(Abduljalil et al., 2014). The statistical criterion for model evaluation
also shows that due to the variability in the atomoxetine AUC in the
healthy population, the model is not expected to simulate the atomoxetine

AUC within a criterion analogous to bioequivalence (1.25-fold) (Guest
et al., 2011) in 9.7% of healthy volunteer studies in EMs (calculated
based on the critical value of 1.658 for 1.25-fold error from eqs. 1–3).
Indeed, 25% of the AUC values in the verification and validation studies
in healthy volunteers with the EM phenotype were not simulated within
the 1.25-fold criterion (Supplemental Table 8). In contrast, as predicted
from the lower variability in the PM populations, the atomoxetine AUC
value was predicted within 1.25-fold in all of the CYP2D6 PM studies.
Taken together, this analysis shows that the commonly used goal of fit-
for-purpose for PBPK model performance should be considered within
the context of the intrinsic variability of the drug of interest. Essentially,
the criterion used here can be applied to establish confidence regarding
what fraction of clinical trials are expected to be predicted within the fit-
for-purpose n-fold criteria and to determine how many clinical studies
should be analyzed to establish confidence in the drug model.
The data shown here clearly identify population models as the primary

reason for poor PBPK model extrapolation regardless of the model
acceptance criteria used. The role of population models in contributing to
poor simulation performance is clearly shown in the simulation of Asian
populations using the population models for Caucasians, Japanese, and
Chinese. Atomoxetine disposition in Japanese and Chinese EM subjects
was best predicted using the Caucasian EM population model instead of
the Chinese or Japanese population models. The CYP2D6*10 allele has
been shown to be much more prevalent in Asian populations than in

Fig. 2. Simulated and observed plasma concentration time curves
for atomoxetine in the presence of placebo (A) and paroxetine (B).
The red dots indicate the observed data with its S.D, the black line
shows the mean values of the simulated data, and the blue dashed
lines show the 95% CIs of the simulated data.

Fig. 3. Simulated and observed plasma con-
centration time curves for atomoxetine for the
pediatric trials reported in the literature. (A)
Simulation of the plasma-concentration time
curve from the publicly available NDA file.
(B–D) Plasma-concentration time curves in
genotyped pediatric subjects with an activity
score of 1 (B), activity score of 2 (C), or a PM
genotype (D) as reported for observed data in
Brown et al. (2016). The red dots indicate the
observed data with its S.D., the black line
shows the mean values of the simulated data,
and the blue dashed lines show the 95% CIs of
the simulated data.
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Caucasians (Kitada, 2003), resulting in apparent lower population
CYP2D6 activity. In agreement with this phenotype, the Chinese and
Japanese population models in Simcyp have lower CYP2D6 expression
levels (4 and 4.5 pmol/mg) than the Caucasian population (8 pmol/mg).
The low CYP2D6 expression levels in the Asian population models
explain the simulation failures observed with Japanese and Chinese
population studies, and the data obtained here strongly suggest CYP2D6
protein expression levels are similar between Asian and Caucasian
populations. If the populations are genotyped for CYP2D6, the Caucasian
population model is superior to the Asian population models. Since
atomoxetine is a well-characterized CYP2D6 probe, it is likely that these
results can be extrapolated to other CYP2D6 substrates as well. The fact
that the Caucasian model with the CLint value adjusted based on the
CYP2D6*10/*10 genotype overpredicted 25% of the observed atom-
oxetine PK parameters (AUC and Cmax) may be due to poor extrapolation
of in vitro to in vivo enzyme activity. This interpretation is supported by the
fact that while in vitro CYP2D6*10 had only 8% of the activity of
CYP2D6*1 (Shen et al., 2007), the in vivo activity score of CYP2D6*10 is
0.5 (Gaedigk et al., 2008), suggesting only 50% difference in the in vivo
activity between CYP2D6*10 and CYP2D6*1.
The results of this study support the consensus that PBPK models can

be used to predict drug disposition in pediatric populations above 2 years
of age (Jones et al., 2015, Wagner et al., 2015). The model accurately
predicted atomoxetine disposition in pediatric populations with defined
genotypes, suggesting that the disposition of CYP2D6 substrates can be
extrapolated using full PBPK models from adult studies to pediatrics
even in different genotype groups. In contrast, the validated atomoxetine
model could not reliably predict atomoxetine disposition in ESRD or HI
using the existing RI and HI population models. It is highly unlikely that
this failure is due to the small sample size (n = 6, 6, and 4 in the ESRD,
Child-Pugh B, and Child-Pugh C trials, respectively) or high variability of
atomoxetine disposition in these studies. The AUC acceptance criteria
calculated based on the observed variability and sample size in the organ
impairment studies were 0.34- to 2.92-fold for the ESRD trial, 0.54-
to 1.86-fold for the Child-Pugh B trial, and 0.29- to 3.43-fold for the

Child-Pugh C trial, and the simulated AUC values did not meet these
acceptance criteria. Similarly, all of these simulations also failed when
using the common 2-fold criterion (Supplemental Table 8). Atomoxetine is
almost entirely cleared via hepatic metabolism and as such the population
model parameters that result in the simulated 2-fold increase in the
atomoxetine AUC value in the ESRD population are not clear. The current
label of atomoxetine states that RI does not affect atomoxetine disposition,
presumably because the body weight normalized clearance of atomoxetine
is not different in ESRD patients and controls despite the 2-fold change in
the AUC of atomoxetine. This lack of change in clearance of atomoxetine
in the ESRDgroupwas not captured here, suggesting that the confidence in
the ESRD population model for at least CYP2D6 substrates is low. The
poor performance of the ESRD model was unexpected since previous
studies have successfully (within 1.5-fold) simulated bisoprolol disposition
in RI populations using the full PBPKmodel (Li et al., 2012) and orteronel
disposition in RI populations using the minimal PBPK model (Lu et al.,
2014). However, no comprehensive model validation across healthy
volunteers and different special populations was presented in these studies.
Since both of these drugs are mainly renally cleared, it is possible that the
simulation failure here is specific to metabolically cleared drugs. In addition,
differences between the full PBPK and minimal PBPK model populations
may contribute to the simulation failure, and further studies with a broader
range of drugs are needed to evaluate these possibilities. It is known that RI
can affect the activity of drug metabolizing enzymes in the liver and the
clearance and distribution characteristics of mainly metabolically cleared
drugs (Touchette and Slaughter, 1991; Zhao et al., 2012). It has also been
suggested that RI affects CYP2D6 cleared drugsmore than some of the other
CYPenzymes (Touchette andSlaughter, 1991;Zhao et al., 2012). The results
here suggest that this hepatorenal coupling in renal disease is not sufficiently
well characterized to allow reliable simulations of CYP2D6 substrates in RI,
and the effect of RI on hepatic clearance may be overestimated.
For the HI studies, the overprediction in the AUC value is likely

because of overestimation in the magnitude of the decrease in CYP2D6
expression and liver size in the Simcyp HI population model. In the
Simcyp library Child-Pugh B and Child-Pugh C population models,

Fig. 4. Simulated AUC and Cmax values for the
50 individual trials in the healthy patients (A
and B) and in ESRD patients (C and D) in
comparison with the observed study data and its
S.D. None of the subjects in this study were
genotyped.
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CYP2D6 expression is decreased by 67.5% and 89.5%, respectively, and
the liver volume is similarly decreased by 29% and 39.4%, respectively.
The data collected here suggest that this is an overestimation of the decrease
in CYP2D6 expression/activity in the HI population. Using the validated
atomoxetine model, the decrease in CYP2D6 expression in the HI
population can be estimated based on the observed 1.7- to 3.7-fold increase
in the atomoxetine AUC value in moderate and severe HI. If the change in
liver volume is kept as defined in the HI population model, no change
occurs in CYP2D6 expression in moderate HI patients, and a decrease of
25% in CYP2D6 expression in severe HI patients is estimated. In contrast,
if there is no change in liver volume, the CYP2D6 expression level is
predicted to decrease 32% and 89% in moderate and severe HI patients,
respectively. A larger number of CYP2D6 substrates needs to be studied
via rigorous simulation approaches to determine whether the predicted
percentage change in CYP2D6 expression is correct in HI. In addition,
further studies using CYP2D6 substrates with different plasma protein
binding and different effects of HI on plasma protein binding need to be
evaluated to delineate altered plasma protein binding in HI from altered
CYP activity in contributing to simulation accuracy. However, taken
together, these data demonstrate a lack of adequate knowledge and
confidence in the physiologic changes and enzyme expression in organ
impairment populations to allow PBPK-based predictions.
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Table 1. Subject Demographics for the atomoxetine PK trials included in model 
development and validation 
  

Trail 2D6  2C19   N male female age 
range Caucasian AA Asian  Other 

CYP2D6 EM subjects 
B4Z-LC-LYAM EM N/A 20 9 11 20-55 14 5 1 0 
B4Z-LC-LYAL EM N/A 25 17 8 18-55 23 2 0 0 
B4Z-LC-LYAZ EM N/A 58 26 32 18-55 54 4 0 0 
B4L-LC-HFBH EM N/A 4 N/A N/A 38-54 N/A N/A N/A N/A 
B4L-LC-HFBJ EM N/A 16 N/A N/A N/A N/A N/A N/A N/A 
B4Z-LC-LYAE EM N/A 10 N/A N/A N/A 13 2 1 0 

DDI studies 
B4Z-LC-LYAK PM N/A 8 5 3 20-55 N/A N/A N/A N/A 
B4L-LC-HFBH PM N/A 3 N/A N/A 19-49 N/A N/A N/A N/A 
B4L-LC-HFBJ PM N/A 14 N/A N/A N/A N/A N/A N/A N/A 
B4Z-LC-LYAE PM N/A 6 N/A N/A N/A N/A N/A N/A N/A 
I Todor 2015 EM N/A 22 15 7 20-30 22 0 0 0 

CYP2D6 PM subjects 
B4Z-LC-HFBP EM N/A 22 11 11 N/A N/A N/A N/A N/A 
B4Z-LC-LYAJ PM N/A 5 4 1 N/A 5 0 0 0 
B4Z-LC-HFBL EM N/A 22 17 5 N/A 14 6 2 0 
B4Z-LC-LYAY  EM N/A 20 15 5 N/A 17 1 0 2 

Special populations 
B4Z-MC-HFBC EM N/A 7 5 2 7-13 N/A N/A N/A N/A 
JT Brown 2015 EM_1 EM 7 7 0 11-17 5 2 0 0 
JT Brown 2015 EM_2 EM 8 7 1 11-18 5 2 0 1 
JT Brown 2015 PM EM 8 6 2 10-18 4 4 0 0 
B4Z-LC-HFBM N/A N/A 12 3 9 35-50 5 6 0 1 
B4Z-LC-HFBN EM N/A 20 14 6 34-63 10 N/A N/A N/A 
B4Z-LE-LYAN EM N/A 44 44 0 20-31 0 0 44 0 
YM Cui 2007 EM N/A 24 16 8 20-39 0 0 24 0 

B4Z-LC-HFBP and B4Z-LC-LYAJ were also reported in Sauer, 2004, B4L-LC-HFBH was also 
reported in Sauer, 2003, B4Z-LC-HFBL was also reported in Belle, 2002  
 
 
 
 
 
 
 
 
 
  



Supplemental Table 2. Observed PK parameters in the reported atomoxetine PK studies 
and the calculated variability measures used for acceptance criteria calculation. n1 and n2 
refer to the number of subject for which AUC and Cmax data was available, respectively 
 

Trial Dosage 
(mg) n1 

Mean 
AUC/D 

(10-3 hr/L) 
CV n2 

Mean 
Cmax/D 

(10-3*L-1) 
CV 

        
B4Z-LC-LYAM 40 20 45 55 20 8.15 30 
B4Z-LC-LYAL 40 25 52.7 90 25 8.33 39 
B4Z-LC-LYAZ 60 58 50.3 81 58 8.82 34 
B4L-LC-HFBH 20 4 54 64 - - - 
B4L-LC-HFBJ 10 16 51.2 70 16 8.45 37 
B4L-LC-HFBJ 90 15 60.8 72 15 9.03 30 
B4Z-LC-LYAE 30 10 40.7 31 - - - 
B4Z-LC-LYAE 45 10 43.8 33 - - - 
B4Z-LC-HFBL  20 21 42.5 45 - - - 
B4Z-LC-HFBP  40 6 79.5 85 - - - 
B4Z-LC-HFBP  60 15 44.8 57 - - - 
B4Z-LC-HFBN  20 20 34.6 69 20 7.10 36 

Average 39.6 18.3 50.0 62.7 25.7 8.3 34.3 
CYP2D6 PM  

B4Z-LC-LYAK 40 8 363 19 8 14.1 23 
B4L-LC-HFBJ 10 11 421 20 11 17.1 20 
B4L-LC-HFBJ 90 11 408 21 11 16.9 22 
B4L-LC-HFBH 20 3 422 27 - - - 
B4Z-LC-LYAE 30 6 397 13 - - - 
B4Z-LC-LYAE 45 6 400 18 - - - 

Average 39.2 7.5 401.8 19.7 10 16.0 21.7 
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Supplemental Figure 1.  Dose-normalized mean AUC and Cmax values and their 
standard deviations for all the studies presented in supplemental Table 2. Each black 
symbol presents the mean of a given study, the red square is the mean of all observed 
studies displayed in the figure with the overall standard deviation, the blue triangle is the 
mean of simulation results. The two dashed lines are the upper and lower acceptance 
criteria ranges of the mean of all studies showing 100% of the observed data fits within 
the overall acceptance range. 
 
 
 
 
 
 
 
 



 
 
Supplemental Table 3. Calculation of the model acceptance criteria for AUC and Cmax 
based on the clinical studies presented in Supplemental table 2. 
 
  AUC/D (10-3 hr/L) Cmax/D (10-3*L-1) 

 EM PM EM PM 
mean  50 402 8.3 16 
CV% 63 20 34 22 
σ  0.58 0.20 0.33 0.21 
N  18 7.5 26 10 
A  1.7 1.4 1.3 1.3 
B   0.56 0.74 0.76 0.75 

 
 
Supplemental Table 4. Determination of fm,2D6 value of atomoxetine from in vivo CYP2D6 
EM/PM studies 

 
Reference Dosing Regimen AUCPM/AUCEM fm,2D6 

B4L-LC-HFBJ 10mg single PO 8.22 87.8% 
B4L-LC-HFBJ 90mg single PO 6.70 85.1% 
B4Z-LC-LYAE 30mg bid PO 9.75 89.8% 

Average     87.6% 
    

 
  



 
Supplemental Table 5. Observed dose normalized AUCs for the coadministered drugs in the 
atomoxetine DDI studies and the calculated variability measures used for acceptance 
criteria calculation. PRX, paroxetine; DES, desipramine; MDZ, midazolam. 
 

Reference dosage (mg) N Mean AUC/D 
(10-3 hr/L) CV 

PRX1 20 22 40.7 44.5 
PRX2 20 12 32.6 63.3 
PRX3 20 22 34.9 65.0 

Average   18.7 36.0 57.6 
MDZ1 3 10 7.0 20.1 
MDZ2 3 10 7.6 40.4 
MDZ3 7.5 13 8.9 44.8 
MDZ4 5 5 6.7 47.0 

Average   9.5 7.5 38.1 
DES1 25 5 10.2 53.7 
DES2 100 6 12.1 32.6 
DES3 100 8 8.6 35.4 
DES4 100 6 12.8 23.7 
DES5 50 22 12.8 88.0 

Average   9.4 11.3 46.7 
  
 
 
Supplemental Table 6. Calculation of the model acceptance criteria for AUC for the three 
drugs coadministered with atomoxetine in the DDI studies. PRX, paroxetine; DES, 
desipramine; MDZ, midazolam. 
 
 

AUC Success Criterion Establishment for DDI studies 
 PRX MDZ DES 

mean of CV 58 38 47 
mean of estimator 36 7.5 11 

sigma calculated from CV 0.54 0.37 0.44 
N value 19 9.5 9.4 

A value of estimator 1.7 1.7 1.9 
B value of estimator 0.59 0.60 0.54 

 
 
 
 
 
 
 
 



 
 
Supplemental Table 7. Observed and simulated AUC data and AUC acceptance criteria for 
the drugs coadministered with atomoxetine in the reported DDI trials. The results for 
fluoxetine simulation are not shown because the observed values for the DDI study were 
unavailable. PRX; paroxetine, DES; desipramine, MDZ; midazolam 
 

 

Trial Dosage 
(mg) 

Mean observed AUC  
(µg*hr/ml) 

AUC criterion 
range (µg*hr/ml) 

Mean simulated 
AUC (µg*hr/ml) 

PRX only 20 0.698 0.412-1.18 0.643 

PRX with ATM 20 0.719 0.424-1.215 0.649 

DES only 50 0.639 0.345-1.182 0.612 

DES with ATM 50 0.699 0.377-1.293 0.630 

MDZ only 5 0.033 0.02-0.055 0.042 

  5 0.041 0.025-0.068 0.043 

MDZ with ATM 5 0.041 0.024-0.068 0.047 

  5 0.049 0.03-0.082 0.046 
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Supplemental Figure 2. Correlation between the simulated and observed atomoxetine AUC and 
Cmax in the reported single and multiple dose studies, DDI studies, and pediatric study. 

 
  



Supplemental Table 8. Comparison between different model acceptance criteria The 

simulated mean atomoxetine AUC and Cmax values were compared to the observed and the 

acceptance of the simulation based on the different criteria (i.e. 1.25 fold, population-based 

criteria, and 2-fold criteria) was determined. √ acceptable based on the corresponding 

criterion, Θ	unacceptable based on the corresponding criterion.  

CYP2D6 EM trials AUC criteria Cmax criteria 

Trial Bioequivalence   Population 
based 2-fold    Bioequivalence   Population 

based 2-fold    

Verification       
B4L-LC-HFBJ √ √ √ √ √ √ 
B4L-LC-HFBJ Θ	 √ √ √ √ √ 
B4Z-LC-LYAE √ √ √ √ √ √ 
B4Z-LC-LYAM Θ	 √ √ √ √ √ 
Validation       
B4Z-LC-LYAM √ √ √ √ √ √ 
B4Z-LC-LYAL √ √ √ √ √ √ 
B4Z-LC-LYAZ √ √ √ √ √ √ 
B4L-LC-HFBH √ √ √ √ √ √ 
B4Z-LC-LYAE √ √ √ √ √ √ 
B4L-LC-HFBJ Θ	 √ √ √ √ √ 
B4Z-LC-LYAE √ √ √ √ √ √ 
B4Z-LC-LYAE √ √ √ √ √ √ 
DDI studies       
ATM+FLX Θ	 √ √ Θ	 Θ	 √ 

 Θ	 √ √ Θ	 Θ	 √ 
ATM alone √ √ √ √ √ √ 
ATM+PRX √ √ √ √ √ √ 
ATM alone √ √ √ √ √ √ 
ATM+PRX √ √ √ √ √ √ 
ATM alone Θ	 √ √ Θ	 Θ	 √ 

 √ √ √ √ √ √ 
ATM+DES Θ	 Θ	 √ Θ	 Θ	 √ 

 √ √ √ √ √ √ 
Special population       
NDA Pediatric Θ	 √	 √	 √	 √	 √	
Pediatric EM_1 √	 √	 √	 √	 √	 √	
Pediatric EM_2 Θ	 √	 √	 Θ	 √	 √	
ESRD placebo Θ	 Θ	 Θ	 Θ	 Θ	 Θ	
ESRD patient Θ	 Θ	 Θ	 Θ	 Θ	 Θ	
HI placebo Θ	 √	 √	 √	 √	 √	
HI CP-B Θ	 Θ	 Θ	 Θ	 Θ	 Θ	
HI CP-C Θ	 Θ	 Θ	 Θ	 Θ	 Θ	



Total number of 
trial that meet the 
criterion 

16/30 25/30 26/30 21/30 22/30 26/30 

       
       
CYP2D6 PM trials AUC criteria Cmax criteria 

Trial Bioequivalence   Population 
based 2-fold    Bioequivalence   Population 

based 2-fold    

B4L-LC-HFBJ √ √ √ √ √ √ 
B4L-LC-HFBJ √ √ √ √ √ √ 
B4Z-LC-LYAE √ √ √ √ √ √ 
B4Z-LC-LYAK √ √ √ √ √ √ 
B4L-LC-HFBH √ √ √ √ √ √ 
B4Z-LC-LYAE √ √ √ √ √ √ 
B4L-LC-HFBJ √ √ √ √ √ √ 
B4Z-LC-LYAE √ √ √ √ √ √ 
B4Z-LC-LYAE √ √ √ √ √ √ 
ATM+MDZ √ √ √ √ √ √ 
ATM+MDZ √ √ √ √ √ √ 
Pediatric PM √ √ √ Θ	 √ √ 
Total number of 
trial that meet the 
criterion 

12/12 12/12 12/12 11/12 12/12 12/12 

 

 
 
 


