") Check for updates

f3 ACCP

AMERICAN COLLEGE OF CLINICAL PHARMACOLOGY

Continuing Education: Original Article

Understanding Atomoxetine Exposure The Journal o Clinical Pharmacology

2026, 66(4) e70168

Variability in Children and Adolescents With © 2026 The Author(s). The Journd

of Clinical Pharmacology published by

ADHD Through Population WiIeyA Periodicals LLCAoAn behalf of

American College of Clinical Pharma-
cology.

Pharmacokinetics DOI: 10.1002/jcph.70168

Kevin. V. Tobin, PhD' "/, Addison Pritchett, MS? "’ J. Steven Leeder, PharmD, PhD? "/,
Joga Gobburu, PhD' "/, and Allison Dunn, PharmD'

Abstract

Atomoxetine, a selective norepinephrine reuptake inhibitor, is a nonstimulant alternative to treat attention-deficit/hyperactivity disorder in children
and adolescents. Atomoxetine exposure is highly variable due to cytochrome P450 polymorphism; however, the impact of these genetic variations
has not been adequately characterized in the pediatric population. A population pharmacokinetic (PK) model was developed to evaluate steady-
state atomoxetine exposures after oral administration in a large, heterogeneous population of children and adolescents with different metabolic
phenotypes. Due to the highly variable and complex absorption between subjects and occasions, a two-stage approach was implemented, treating
each participant/occasion as a separate individual. First, the individual atomoxetine parameters were estimated using a one-compartment distribution
model with zero-order duration into a depot compartment followed by first-order absorption into the central compartment with linear elimination.
Next, population-level parameters were obtained, and covariate analysis was performed. Using actual body weight, relative bioavailability based on
CYP2D6 or CYP2CI9 phenotype, and CYP2D6 clearance effects in the model reduced the variability from 81.6% to 64.5% and 92.4% to 75.5% for
apparent volume and apparent clearance, respectively. The final model showed adequate precision in PK parameters and accuracy in exposure metrics.
Following prospective validation, this model could be used to provide clinicians with individualized dosing targets when prescribing atomoxetine to
children and adolescents based on their genetic disposition.
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Introduction tients are non-responders regardless of atomoxetine
exposure.” Despite atomoxetine being a viable alter-
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hibitor (SNRI) indicated for the treatment of attention- . .. . .
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(>9 weeks), or patients being inherently non-responsive
due to pharmacodynamic factors.’

Despite the polymorphic nature of CYP2D6 and
CYP2C19 activities causing highly variable systemic
exposure of atomoxetine following oral administration,
the atomoxetine product label® recommends a weight-
based starting dose of 0.5 mg/kg/day in all children
<70 kg regardless of CYP2D6 or CYP2C19 activity
status. Ignoring the CYP enzyme activities for the initial
dosing can cause more adverse events in PMs (including
increased heart rate and/or increased blood pressure®)
and could reduce the likelihood of adequate therapeutic
drug exposure in normal metabolizers.”!° The purpose
of this study is to evaluate steady-state atomoxetine
exposures in a large heterogeneous population of chil-
dren and adolescents with different predicted metabolic
phenotypes and develop a robust model that can be
utilized clinically to minimize the risk of inadequate
exposure and potential therapeutic failure in patients
with ADHD who may benefit from the drug.

Methods

Study Populations

Demographic and pharmacokinetic (PK) data were
combined from three separate studies®!! in which ato-
moxetine was administered to children and adolescents
with a confirmed diagnosis of ADHD and who had un-
dergone genotype analysis for CYP2D6 and CYP2CI9.
All studies were approved by the Institutional Review
Board at Children’s Mercy Kansas City. Written in-
formed consent was obtained from each participant
prior to enrollment. Combined, these studies consisted
of 86 participants ranging from 6 to 17 years of age.

Genotyping and Phenotyping

Detailed procedures for genotyping were previously
described.>!? Briefly, participant-specific phenotypes
were determined based on each participant’s genotype
call by assigning an activity score based on CYP diplo-
type using updated standardized guidelines published
by the Clinical Pharmacogenetic Implementation Con-
sortium (CPIC). Predicted phenotype classification was
assigned to each study participant according to these
guidelines as follows: ultra-rapid metabolizers (UMs)
as having an activity score >2, NMs as having an
activity score 1-s2, intermediate metabolizers (IMs) as
having an activity score of 0.25-1, and PMs as having
an activity score of 0.3

Dosing and Study Design

Three study datasets were combined for this analysis;
they are presented in the supplemental materials (Table
S1) and described below. The first study, herein referred
to as “Study A,” involved a single oral weight-based
dose of 0.5 mg/kg regardless of CYP2D6 phenotype, as

suggested in the product label.® Plasma concentrations
of atomoxetine were measured up to 72 h post-dose
for PMs, up to 24 h for IMs and NMs, and 12 h for
UMs. Details of the study design and results were first
reported by Brown et al,> and a more comprehensive
analysis of parent and metabolite kinetics from the
same study participants has been described by Cheng
et al.* The second study herein referred to as “Study
B” involved a single atomoxetine oral dose to vali-
date an unpublished model built using the data from
Study A, intended for use in an exposure escalation
study to individualize atomoxetine dosing to achieve a
target maximum plasma concentration of 400 ng/mL
based on CYP2D6 phenotype. To assess inter-occasion
variability, each participant was invited to return for
a second study visit to assess day-to-day variability
in atomoxetine disposition; the time interval between
study days ranged from 15 to 386 (mean, 164 days).
The study protocol was identical for both study days,
with samples collected over 12 h for NMs or UMs and
up to 72 h for IMs. The third study herein, referred
to as “Study C,” represents pharmacokinetic data fol-
lowing the first dose of atomoxetine and up to two
subsequent study days at steady state for the exposure-
escalation study alluded to above (grant PSOHD090258,
“GOLDILOKS: Genomic- and Ontogeny-Linked Dose
Individualization and cLinical Optimization for Kids”;
ClinicalTrials.gov registration # NCT03154359). For
each study participant, atomoxetine dosing was individ-
ualized using the unpublished model referred to earlier
to achieve a target plasma concentration (Cpay) of
400 ng/mL at steady-state. Serial atomoxetine plasma
concentrations were measured after the single dose up
to 12 h for UMs or NMs and up to 72 h for IMs
and PMs. After the single-dose PK session (up to 72
h) was concluded, participants were instructed to take
a consistent oral atomoxetine dose daily (twice daily
dosing for two participants), and two steady-state PK
sessions were conducted at weeks 6 + 2 and 18 +
2 weeks (with documented adherence for at least 2
weeks prior to the steady-state PK session); plasma
concentrations were measured up to 12 h for UMs or
NMs and up to 24 h for IMs and PMs. All participants
were instructed to fast from midnight to 2 h after dosing
(only water permitted), after which an age-appropriate
diet was resumed.

Data Analysis

Non-compartmental analysis (NCA) was performed on
observed data to compare Cpax, tmax, AUCo.04n, and
half-life across different CYP2D6 phenotypes and dos-
ing scenarios. Data preparation, statistical analysis, and
visualization of the data and output were performed
using R 4.2.3 (R Core Team, Vienna, Austria). Non-
linear mixed effects modeling was used to characterize
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atomoxetine plasma concentrations. Due to the in-
consistent absorption between subjects and occasions,
separate occasions of atomoxetine administration (i.e.,
repeated single doses or single doses and steady-state
occasions in the same subject) were treated as separate
individuals. The population PK model was built using
a two-stage approach. First, a base structural model
with residual unexplained variability (RUV) was de-
veloped on individual PK profiles to obtain individual
parameters. Then, the population level parameters, typ-
ical values, and between-subject variability (BSV) were
estimated for covariate exploration to explain the BSV.
Modeling was performed using Pumas v2.5.1 (Pumas
Al, Baltimore, MD, USA).

Population Pharmacokinetic Modeling

Structural Model Development. Based on the observed
atomoxetine plasma concentrations showing a single
linear elimination phase, a single-compartment model
with first-order elimination was used. Multiple absorp-
tion models were evaluated and selected based on a
decrease in the objective value function and goodness
of fit. Individual parameters were estimated for single
or parallel absorption using first-order and/or delayed
(zero-order input into a depot followed by first-order
absorption to the central compartment) pathways.
These structural models involved parameters including
fraction of drug to each absorption pathway, duration
of zero-order absorption, first-order absorption rate
constants, apparent central volume (Vc/F), and appar-
ent clearance (CL/F).

Additive, proportional, and combined residual error
models were evaluated to account for the RUV between
observations and model predictions. The combined
error model is described as

OBSLJ' = PREDi_j + PREDLJ' - €prop.i,j T €add.i,j ()

where OBS;; and PRED;; are the observation and
prediction for the i-th participant at time j, respectively,
and eprpij and g,4qij are the proportional and ad-
ditive participant-time-specific observation deviations
from the predictions that follow a normal distribution
with a mean of zero and a variance of o7, or o,y
respectively.

BSV was assumed to be log-normally distributed as

6 = B, - e ©)

where 6; is the individual parameter, 6, is the typi-
cal population parameter, and ng; is the participant-
specific deviation from the population typical param-
eter that follows a normal distribution with a mean of
zero and a variance of w% for parameter 6. Typical par-
ticipant values and variance for all PK parameters were

estimated as the mean and variance of the normally
distributed individual parameters.

Covariate Model Development. After the structural
model was selected, participant-specific covariates were
analyzed to explain variability in PK parameters. Po-
tential covariates were assessed by exploring the dis-
tribution of ng; stratified by different subpopulations
(empirical Bayes estimates [EBEs]). Covariates were
added sequentially if they were physiologically mean-
ingful and supported the explanation of the variability
in the PK parameters, as noted by reduction or removal
of trends in the EBEs, decrease in the objective value
function, and reduction in parameter BSV. Body weight
was included in the model using allometric scaling as

by
t4
&=&w(%ﬂ e 3)

where wt; is the individual weight, 70 is the typical
adult body weight in kg, and by is the allometric scaling
exponent for parameter 6, which was 1.0 when applied
to volume and 0.75 when applied to clearance. The
effect of relative bioavailability on apparent volume
(based on CYP phenotype) was explored in the model
as

1.0
wt; 1 )
v v () () e o

where F, is the relative bioavailability compared to
NMs (Frenm = 1). The same relative bioavailability
(based on phenotype), along with a relative effect of
CYP2D6 phenotype on clearance, was explored as

0.75

t; 1

CL/F; =CL/Fy - wh . - (1 + Ecypapg) - €"CL/r
10 l:rcl

©)

where Ecypope 1s the relative effect of CYP2D6 en-
zyme activity on clearance compared to CYP2D6
NMs (Ecypops, nmv = 0). Additionally, the effect of
CYP2C19 enzyme activity on clearance compared to
CYP2C19 NMs was explored similarly to Equation (5).

Model Qualification. Precision of the final covariate
model parameter estimates was assessed using non-
parametric bootstrap simulations. The final model was
fitted to 200 datasets that were sampled with replace-
ment from the original dataset (without CYP2D6
stratification) to obtain the mean and 95% confidence
interval of the parameter estimates. The accuracy of
the final covariate model was assessed by performing
simulations using 1000 datasets generated by resam-
pling (with replacement) individuals (retaining all EBEs
for each individual) from each CYP2D6 phenotype
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Table |. Summary Statistics of Participant Demographics Included in this Analysis Stratified by CYP2D6 Enzyme Activity Phenotype.

CYP2Dé6 Phenotype

Overall Intermediate Normal Poor Ultra Rapid
Characteristic N =86 N =41 N =35 N=6 N =4
Age (years), Mean (SD) 12.6 (3.2) 12,5 (3.3) 12.3 (3.1) 13.7 (3.4) 13.7 (3.3)
Weight (kg), Mean (SD) 54.5 (26.4) 57.2 (29.5) 50.2 (22.1) 61.2 (26.3) 54.2 (30.9)
Height (cm), Mean (SD) 153.9 (19.3) 155.2 (20.9) 151.6 (18.1) 158.8 (18.6) 152.8 (17.0)
Body-Mass Index, Mean (SD) 2I .8 (6.4) 222 (6.7) 20.9 (5.9) 232(5.7) 22.5 (10.7)
Obese, n (%) 22 (26%) 10 (24%) 9 (26%) 2 (33%) I (25%)
Heart Rate (BPM), Mean (SD) 74.0 (15.6) 73.8 (15.9) 754 (16.6) 69.3 (7.5) 69.5 (15.1)
Systolic BP (mmHg), Mean (SD) 113.0(11.2) 114.1 (11.5) 1134 (11.4) 107.2 (7.9) 106.3 (9.0)
Diastolic BP (mmHg), Mean (SD) 64.2 (8.4) 65.3 (9.2) 63.5 (8.1) 60.5 (2.9) 64.8 (8.3)
Race, N (%)
Asian I (1.2%) 1 (2.4%) 0 (0%) 0 (0%) 0 (0%)
Black 28 (33%) I (27%) 12 (34%) 2 (33%) 3 (75%)
Hispanic/Latino I (1.2%) 0 (0%) 1 (2.9%) 0 (0%) 0 (0%)
Mixed race I (13%) 4 (9.8%) 7 (20%) 0 (0%) 0 (0%)
Native Hawaiian/Pacific Islander I (1.2%) 1 (2.4%) 0 (0%) 0 (0%) 0 (0%)
White 44 (51%) 24 (59%) 15 (43%) 4 (67%) I (25%)
Sex, N (%)
Female 16 (19%) 8 (20%) 7 (20%) 0 (0%) I (25%)
Male 70 (81%) 33 (80%) 28 (80%) 6 (100%) 3 (75%)
CYP2CI19 Activity, N (%)
Intermediate 21 (24%) 7 (17%) 12 (34%) 0 (0%) 2 (50%)
Normal 31 (36%) 14 (34%) 13 (37%) 3 (50%) I (25%)
Poor 2 (2.3%) 2 (4.9%) 0 (0%) 0 (0%) 0 (0%)
Rapid 26 (30%) 13 (32%) 10 (29%) 2 (33%) I (25%)
Ultra Rapid 6 (7.0%) 5 (12%) 0 (0%) I (17%) 0 (0%)

SD: standard deviation; N: count; BP: blood pressure. Obesity was defined as a body-mass index at or above the 95™ percentile based on standard growth chart

criteria.

and dosing scenario (single dose or steady-state dosing)
to match the original dataset. Individual etas were
calculated for each participant using Equations (2), (4),
and (5). For these simulations, the typical parameter
estimates from the final covariate were fixed. Visual
predictive checks (VPCs) were performed on simulated
atomoxetine plasma concentrations, where the 10th,
50th, and 90th percentiles of the predicted plasma con-
centration over time with 95% visual prediction interval
of each percentile were compared to the corresponding
percentiles of the observed data for each applicable
CYP2D6 phenotype at each steady-state session. Ad-
ditionally, quantitative predictive checks (QPCs) were
performed on important PK parameters (Cpax and
AUC.24) derived using NCA on the simulated PK pro-
files. For the QPC, the 5th, 50th, and 95th percentiles
of the predicted Cp,x were compared to the median
observed C,,x for each applicable CYP2D6 phenotype
at each steady-state session. The prediction error was
calculated as

PRED — OBS
ViPE = 100+ —— e (6)

where PRED is the predicted median C,,,,x or AUC 41,
in each of the 1000 simulated datasets and OBS is the
observed median C,,,x or AUC. 4. The 95% confi-

dence interval around the median prediction error was
calculated for IMs and NMs at single dose and steady-
state dosing.

Results

Data

Participant demographics and baseline characteristics
are summarized in Table 1. A total of 86 participants
were analyzed (33 participants had one single dose
visit, 21 participants had two single dose visits, 12
participants had one single dose and one steady state
visit, and 20 participants had one single dose and two
steady state visits; 159 total visits) with an age of
12.6 + 3.2 years, a weight of 54.5 + 26.4 kg, and
a body-mass index of 21.8 + 6.4. Despite the large
difference in the number of participants between the
four CYP2D6 phenotypes (6 PMs, 41 IMs, 35 NMs, and
4 UMs), age, weight, height, body—-mass index, obesity,
heart rate, and blood pressure were evenly distributed
across the four CYP2D6 phenotypes. The majority of
participants were reported to be White (51%), with the
next largest group reported as Black (33%). A majority
of the CYP2D6 PMs and IMs were reported White,
while a majority of the UMs were reported as Black.
There was a larger proportion of male participants
(81%), and all 6 PMs were male.
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Figure I. Individual atomoxetine plasma concentration over time for Studies A—C at different visits. Symbols represent observed data points, and
lines connect individual observed data points. Color represents CYP2Dé enzyme activity phenotype. ATX, atomoxetine.

Plots of individual atomoxetine plasma concentra- scenarios. CYP2D6 PMs show 130% and 624% higher
tions are shown in Figure 1, stratified by study, oc- dose-normalized C,,x and AUC .41, respectively, com-
casion, and CYP2D6 phenotype. Overall, 1946 atom-  pared to NMs. On average, CYP2D6 PMs show over
oxetine plasma concentration observations were used  2-h longer tp,x compared to the other CYP2D6 phe-
for model building. Atomoxetine absorption is un-  notypes at both dosing scenarios. As expected, half-
predictably rapid or delayed after a single dose or  life decreased with increasing CYP2D6 enzyme activity.
after regular daily dosing. When using a flat weight-  Table S2 shows the observed C,,.x from the NCA anal-
based dosing (Study A), the exposure of atomoxetine  ysis. Steady-state atomoxetine plasma concentrations
increases as CYP2D6 enzyme activity decreases. Of the  in Study C for PMs may not have been adequately
24 participants who completed the “model validation”  represented by the internally developed model. The
session, 21 completed the “reproducibility” session. Us- observed C,.x at steady-state for PMs (362 + 25 ng/mL)
ing the internally developed models for dose selection was numerically lower than the other groups (626
reduced the variability in the atomoxetine exposures + 286, 444 + 242, 452 ng/mL for IMs, NMs, and
across the different enzyme activity groups in Study B, =~ PMs, respectively) and the target theoretical therapeutic
and the atomoxetine plasma concentrations appear re-  concentration (400 ng/mL). This suggests that those
producible after a washout. Of the 39 participants who  participants were underdosed when selecting a dose
initiated Study C, 30 participants completed the first  based on the internally developed model.
steady-state PK session at week 6, and 22 participants
completed the second steady-state PK session at week
18. Additionally, accumulation at steady state is evident Structural Model. A one-compartment distribution
for only CYP2D6 PMs at steady-state. model with zero-order transit into a depot compart-

Table 2 shows the NCA results stratified by CYP2D6 ~ ment and first-order absorption into the central com-
phenotype and dosing scenario. The dose-normalized  partment with first-order elimination best described
Cax and AUC »4;, decrease as CYP2D6 enzyme activ- the atomoxetine plasma concentration in children and
ity increases at both single-dose and steady-state dosing ~ adolescents. Diagnostic goodness-of-fit plots for the

Population Pharmacokinetic Modeling
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Table 2. Atomoxetine NCA Results Stratified by CYP2D6 Phenotype and Dosing Scenario (Mean £ Standard Deviation). One Participant was
Removed from Analysis Since Their Study Terminated Early Before Atomoxetine Concentrations Reached the Elimination Phase and Another was
Removed due to Multiple Doses in One Day.

CYP2Dé6 Phenotype

Dosing Scenario Characteristic Overall Poor Intermediate Normal Ultra Rapid

Single Dose Number of Individuals/Occasions N = 106 N=6 N =5l N =43 N=6
Dose Normalized Cax (ng/mL/mg) 71 £ 64 275 + 47 79 £ 46 40 + 18 23+ 10
Dose Normalized AUCg 4 (ng-hr/mL/mg) 1.7 +£ 6.8 21.8 + 34 128 £ 7.5 9.5 + 45 7.0 + 4.4
Tmax (hr) 1.72 £ 124 432 + 08l 1.73 £+ 1.09 1.46 + 1.09 0.92 + 047
Half Life (hr) 43 £ 47 173 £ 49 45 £ 46 2.5 + 0.6 23+£04

Steady-State Number of Individuals/Occasions N =51 N=4 N =26 N =20 N=1
Dose Normalized Cax (ng/mL/mg) 107 + 132 512 + 36 92 £ 71 50 + 24 24
Dose Normalized AUCq 4 (ng-hr/mL/mg) 16 £ 10 36 + 2 17 £ 10 I+ 6 I
Tmax (hr) 1.56 £ 1.35 4.17 + 0.24 1.36 + 1.27 1.35 + 1.04 0.72
Half Life (hr) 42 £+ 47 122 + 1.8 33 £ 1.3 38 + 63 22

CYP2D6 Phenotype © PM ° IM © NM ¢ UM
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Figure 2. Goodness-of-fit plots for atomoxetine. Black lines indicate the line of identity or the zero line. Color represents CYP2D6é enzyme activity
phenotype. PM, poor metabolizer; IM, intermediate metabolizer; NM, normal metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer.

final structural model are shown in Figure 2 stratified
by CYP2D6 phenotype. Observed atomoxetine plasma
concentrations are adequately distributed around the
line of identity on an individual level, suggesting
acceptable predictability of the model. Individual
weighted residuals over time and atomoxetine concen-
trations exhibit uniform distributions around the zero
line, suggesting adequate structural and error models.
Goodness-of-fit plots did not reveal systematic trends
when stratifying by CYP2D6 phenotype (Figure S1)
or by body weight (Figure S2), suggesting consistent
model performance across these covariates. Histograms
of individual parameter estimates are presented in
Figure S3, showing approximately log-normal distri-
butions for all parameters. The population parame-
ter estimates from the structural model are shown
in Table S3. The estimated zero-order duration into
the depot was 0.75 h, and the estimated first-order
rate constant was 27.35/h. Typical parameter estimates

showed acceptable precision using 200 bootstrapped
populations with a relative standard error (RSE) <11%.
The estimated apparent central volume and clearance
were estimated as 99.0 L and 23.4 L/h, respectively.
A combination additive and proportional error model
best described RUV, with estimates of 0.81 ng/mL
and 21 CV%, respectively. BSV was estimated on zero-
order duration, first-order rate constant, apparent vol-
ume, and apparent clearance with acceptable shrinkage
(<15%).

Covariate Model. Relationships between EBEs and
covariates were observed using the base structural
model for actual body weight and obesity on nv/r
and ncyr and for CYP2D6 and CYP2CI9 phe-
notypes on nver and nepe (Figure S4). A visual
representation of changes in parameter variability with
covariate addition is shown in Figure S5. Applying
allometric scaling centered around a typical weight of
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Figure 3. EBEs for apparent clearance and apparent volume from the base structural model (a) and the final covariate model (b), stratified by

individual weight and metabolizer phenotypes. The dotted line represents the zero line. Pearson’s correlation coefficient is displayed for weight. PM,

poor metabolizer; IM, intermediate metabolizer; NM, normal metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer.

70 kg on Vc¢/F (exponent: 1.0) and CL/F (exponent:
0.75) reduced the BSV of Vc/F by 9%, but did not
reduce the variability in CL/F. Allometric scaling was
still included on both Vc¢/F and CL/F due to the
observed reduction in actual body weight and obesity
relationships on nyer and nere . Applying relative
bioavailability of CYP2D6 PM reduced the variability
of Vc/F and CL/F by 5% and 4%, respectively, and
reduced the relationship of CYP2D6 phenotype on
Nve/r. Due to the CYP2D6 phenotype relationship on
nerye still being present, the effect of CYP2D6 PM
on CL/F was included, reducing the variability by 9%.
Relative bioavailability of CYP2D6 IM was included
next, reducing the variability in V¢/F and CL/F by
2% and 3%. Due to ncrr being relatively low for
CYP2D6 IMs, the effect of CYP2D6 IM on CL/F was
investigated, but did not explain the variability. Relative
bioavailability or clearance effects of CYP2D6 UMs
did not explain variability in Vc/F nor CL/F. Finally,
the relative bioavailability of CYP2C19 PM was added,
which reduced the variability in V¢/F and CL/F by 1%
and 2%, respectively. Sequential addition of these co-
variates reduced the EBEs relationships (Figure S6) and
significantly reduced the objective function value (AIC
difference >2). Comparisons between the EBEs from
the base structural model and the final covariate model
are shown in Figure 3, demonstrating a reduction in
systematic trends.

The relative bioavailabilities of CYP2D6 PMs and
IMs were estimated as 3.02 and 1.33, respectively,
compared to NMs, while the relative bioavailability of
CYP2C19 PMs was estimated as 2.32. When stratifying
by ethnicity, Asians showed relatively lower Ka, Vc/F,
and CL/F but were not included as a covariate due to
having only one Asian participant (with two PK visits)
in the dataset. The clearance effect was estimated as
—0.81% for CYP2D6 PMs. The full covariate model

reduced the Vc/F BSV from 81.6% to 64.5% and
reduced the CL/F BSV from 92.4% to 75.5%.

Model Quadlification. Final model parameter estimates
from bootstrap simulations performed 200 times are
shown in Table 3. Mean parameter estimates are
within the 95% confidence intervals, demonstrating
the stability of the final PK model. The accuracy
of the final covariate model was assessed using VPC
and QPC on 1000 bootstrapped populations sampled
from the original population. By non-parametrically
sampling the individual/occasion instances, the rela-
tionships between parameters are inherently retained,
mitigating the need to estimate and apply covariation
matrices. Due to the low sample sizes of PM and
UM individuals (n = 1-6) for either dosing scenario,
these groups were excluded from model qualification.
With limited observations in these groups, percentile
estimates could become unstable and may misrepresent
model performance. Excluding these groups helped
preserve the interpretability of the model qualification,
while these subgroups were assessed through individual
fits.

Figure 4 shows a VPC plot generated by simulating
atomoxetine plasma concentrations over time for 1000
populations resampled from the original population
(maintaining CYP2D6 phenotype and dosing scenario
sample sizes). The VPC plots show adequate matching,
with observed profiles across different CYP2D6 pheno-
types and at different dosing scenarios. The simulated
median atomoxetine concentrations were lower than
the observed median atomoxetine concentrations at
earlier time points for IMs at steady-state; however,
the rest of the observed percentiles fall within the
95% prediction intervals, suggesting the model captures
the typical PK profile and the variability of the data
reasonably well. The confidence intervals around the
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Table 3. Covariate Model Parameter and Uncertainty Estimates. Cl: Confidence Interval; RSE: Relative Standard Error. Covariates were Applied on
Apparent Central Volume and Apparent Central Clearance using the Equations

Parameter Description Estimate 95% Cl RSE (%) Shrinkage (%)
Dur Zero-order Duration into Depot (hr) 0.75 [0.64,0.88] 7.76
ka First—order Absorption Rate Constant (hr™') 27.35 [22.44,32.77] 10.1
Vc/F Apparent Central Volume (L) 175.94 [148.48,217.50] 9.46
CL/F Apparent Central Clearance (L/hr) 39.03 [33.90,46.33] 8.14
ECYP2D6,PM Effect of CYP2D6 PM on Clearance —-0.81 [*084,*078] 1.95
Frelcypaps,pm Relative Bioavailability of CYP2D6é PMs 3.02 [2.38,3.77] 11.67
Frelcypace,m Relative Bioavailability of CYP2Dé6 IMs 1.33 [0.95,2.01] 20.97
Frelcypaciopm Relative Bioavailability of CYP2C19 PMs 2.32 [1.65,3.24] 18.27
Between-Subject Variability (BSV)
Q24 BSV on Zero-order Duration into Depot (CV%) 127.42 [100.64,150.30] 13.79 0.00
Q. BSV on Absorption Rate Constant (CV%) 182.7 [146.09,244.82] 14.03 0.00
Q2vor BSV on Apparent Central Volume (CV%) 64.52 [45.08,76.48] 21.32 15.88
Qe BSV on Apparent Central Clearance (CV%) 75.48 [45.82,93.55] 26.29 15.52
Residual Unexplained Variability (RUV)
02 4dd Additive RUV (ng/mL) 0.8l [0.38,1.21] 50.78
02 prop Proportional RUV (CV%) 21.39 [19.36,23.63] 10.17
Covariate Equations

1.0
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Figure 4. Visual predictive checks for atomoxetine plasma concentration over time, stratified by CYP2Dé phenotype and dosing scenario from 1000
replicated data sets resampled from the original dataset. Solid black lines show the observed median, and dashed black lines show the observed |0th
and 90th percentiles of atomoxetine plasma concentration over time. The shaded regions represent the 95% confidence interval around the predicted
median (gray) and |10th and 90th percentiles (blue) of atomoxetine plasma concentration over time. ATX, atomoxetine.

quantiles for NMs at steady-state were wider due to
the lower number of subjects in that group (n = 20).
The VPC was only analyzed up to 12 h due to some
subjects not having measured concentrations beyond 12
h, leading to the observed quantiles beyond that point
not being representative.

QPC analysis demonstrated overall good pre-
dictability of the atomoxetine C.x and AUCy4n
across different CYP2D6 phenotypes and dosing sce-
narios (Figure 5). However, the observed median Cpax
for IMs at steady-state was higher than the 95th per-
centile of simulated median C,,,5. The prediction error
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Figure 5. Qualitative predictive check for atomoxetine stratified by CYP2D6 phenotype and dosing scenario from 1000 replicated data sets resampled
from the original dataset. Vertical blue lines represent the observed median exposure. The histograms show the distribution of median (a) Cyax and
(b) AUCq.24p of 1000 simulated datasets. Vertical black lines represent the 5th, 50th, and 95th percentiles of simulated exposure. The median percent
error for Cpnax at a single dose was 3.6% (95% Cl: —10.1, 18.2) and 5.1 (95% CI: —16.5, 35.1), for IMs and NMs, respectively. The
median prediction error for Cp,x at steady-state was —13.8% (95% CI: —33.5, 1.0) and 5.7 (95% CI: —20.6, 39.2), for IMs and NMs, respectively.
The median percent error for AUCq.24p at a single dose was 9.4% (95% Cl: —9.9,48.4) and 1.6 (95% Cl: —21.7,21.9), for IMs and NMs, respectively.
The median percent error for AUC. 45, at steady-state was 6.1% (95% Cl: —10.9, 33.3) and 2.8 (95% Cl: —19.0, 41.6), for IMs and NMs, respectively.
PMs and UM were removed from stratification due to the small sample size. ATX, atomoxetine.

for this group was —13.8% (95% CI: —33.5, 1.0), and
because the 95% CI includes zero, the discrepancy is
not considered statistically significant. This suggests
that while the point estimate slightly underpredicts
the observed value, the model’s performance remains
within an acceptable range of variability. Further, the
range of concentrations for this group is well above the
therapeutic target (400 ng/mL) and can still be reliably
used to assess whether the C,,,x target is achieved. Ulti-
mately, the final population PK model of atomoxetine
captures the atomoxetine plasma profiles of this large
heterogeneous population of children and adolescents.

Discussion

Currently, atomoxetine is prescribed in children and
adolescents at the same initial weight-based dose re-
gardless of CYP enzyme activity.® The FDA label
recommends a minimum of 3 days for extensive metab-
olizers (CYP2D6 non-PMs) and 4 weeks for CYP2D6
PMs before titrating the dose (if no clinical response
and in the absence of adverse events). More recently, a

CPIC guideline was published for atomoxetine dosing
based on updated CYP2D6 phenotype assignments
(including the four phenotypes investigated here). The
guideline recommends the same initial dose as recom-
mended in the label, regardless of CYP2D6 phenotype;
however, titration is recommended at 2 weeks for PMs
and IMs (if no clinical response and in the absence of
adverse events). Atomoxetine usually takes 2-4 weeks
to observe the full clinical effect.'* Additionally, it is
recommended in this guideline to consider obtaining
plasma concentrations and proportionally increasing
the dose to achieve the proposed therapeutic target
of 400 ng/mL. Providing physicians with improved
tools to more precisely dose children and adolescents
based on CYP enzyme activity phenotypes and other
participant demographics could help participants with
ADHD achieve therapeutic levels of atomoxetine faster
and without the need for blood drawing. In the present
study, a nonlinear mixed-effect model was developed
to characterize the pharmacokinetics of atomoxetine
in children and adolescents with differing levels of
CYP2D6 and CYP2C19 enzyme activities.
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Structural Model

The structural population PK model presented here
displayed good predictive performance. The estimated
typical values for Vc/F (98.96 L) and CL/F (23.45 L/h)
are both similar to the previously reported distribution
parameters.* This apparent volume is similar to the
label-reported volume from intravenous administra-
tion: 110.25 L (based on a 0.63 absolute bioavailability
for a normal metabolizer).® The zero-order duration
into the depot was estimated to be 0.75 h, which aligns
with the maximum concentration in NMs occurring
approximately 1.3 h after the dose, since the atomox-
etine in the depot would continue entering the systemic
circulation from the depot. The first-order rate constant
of atomoxetine entering the systemic circulation was
estimated to be 27/h. The parameter distributions for
zero-order duration and first-order rate constant show
a large portion at the bounds. This was due to the
limits set for each parameter since the instances of rapid
absorption had near zero hour duration and extremely
high first-order absorption. Simulations demonstrated
that first-order rate constants above 50/h had minimal
visual differences in atomoxetine concentrations. When
the limits were not placed on these parameters, the
BSV inflated. The BSV for these parameters was still
relatively large (127% CV and 182% CV for zero-order
duration and first-order rate constant, respectively),
further emphasizing the high variability in atomoxe-
tine absorption between subjects and occasions. The
precision of the final model parameter estimates was
assessed using 200 bootstrapped populations sampled
from the individual parameter distributions. The preci-
sion was acceptable with a <28% RSE except for the
additive RUYV, which showed a higher RSE (>50%) due
to one subject with an estimated 150 ng/mL additive
error.

The data from Study A have been previously re-
ported by Brown et al’> and Cheng et al*; the latter
group proposed a model consisting of four transit
compartments for absorption and two distribution
compartments for atomoxetine with linear elimination
to multiple metabolite pathways terminating in urine
compartments.* While Cheng et al model involved
multiple metabolite pathways to better understand
contributions of competing CYP enzyme activity, the
present PK model focuses on parent atomoxetine con-
centrations due to its intended clinical application. The
high genetic polymorphism of CYP enzymes causes
the systemic exposure of atomoxetine in children and
adolescents to be highly variable.*!> CYP2D6 is pri-
marily responsible for converting atomoxetine into the
equipotent 4-hydroxyatomoxetine, with this pathway
accounting for approximately 95% of the parent atom-
oxetine’s metabolism.? Despite this metabolic pathway
being the most abundant, the measured concentra-
tion of 4-hydroxyatomoxetine in plasma following oral

doses of atomoxetine is low (~1% of the concen-
tration of atomoxetine) due to the rapid conjugation
to the inactive 4-hydroxyatomoxetine glucuronide.’
CYP2C19 is another important enzyme for atomoxe-
tine elimination, responsible for the conversion to N-
desmethylatomoxetine followed by conversion to N-
desmethyl-4-hydroxyatomoxetine, both of which are
inactive. This pathway dominates when CYP2D6 activ-
ity is compromised (i.e., CYP2D6 PMs).*!® However,
due to this low proportion of the active metabolite
present in the systemic circulation compared to parent
atomoxetine, metabolite pathways were not analyzed in
the present PK model.

Based on the observed data from combining all
three studies, atomoxetine exhibits one-compartment
behavior as evidenced by the absence of a distri-
bution phase (single phase linear decline in plasma
concentrations following Cp,y). A single-compartment
model for atomoxetine was presently used based on
the observed data. While Study A data displayed pri-
marily rapid absorption of atomoxetine, the additional
studies demonstrated high variability in atomoxetine
absorption between occasions within individuals. This
led to the necessity of using a two-stage approach when
combining the three studies.

Two-Stage Methodology

The present population PK model includes data from
three different studies, including single-dose events and
dosing at steady-state, which has not been modeled
previously. While initially exploring the combined data,
a one-stage analysis was performed with unsuccessful
model convergence. Bias in the individual predictions
was evident, particularly at lower concentration levels,
where the model consistently overpredicted concen-
trations (data not shown). Through exploratory data
analysis, it was determined that some atomoxetine
profiles exhibit rapid absorption while others exhibited
a delayed absorption. Discrepancies were also observed
within the same subject at different occasions without
a clear relationship between occasion and individ-
ual. Example cases that demonstrate this phenomenon
are presented in Figure S7. Additionally, a similarly
inconsistent second peak was observed for multiple
subjects at approximately 5 h after the dose. There
were also discrepancies present for dosing and resulting
PK profiles. For instance, U01 and U02 showed lower
Chax despite increases in their dose between occasions,
whereas U12 exhibited C,,,x of approximately 200,
600, and 400 ng/mL despite similar doses between
occasions. Between-occasion variability (BOV) on
absorption parameters was included along with BSV
in the one-stage analysis to attempt to explain these
differences with unsuccessful model convergence. An
extensive exploratory analysis of these patterns was
performed to potentially predict the absorption rate or
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presence of a secondary peak. Comparisons between
absorption rate or presence of a secondary peak to
time of food intake relative to dose administration,
nutritional intake profiles, dose level, CYP2D6 pheno-
type, body weight, and other participant demographics
(data not shown) were assessed. No significant trends
were observed demonstrating the unpredictability of
the absorption in atomoxetine pharmacokinetics in
children and adolescents.

For successful model convergence and to improve
model predictability, each participant/occasion in-
stance was treated as a separate individual, and the
population PK model was developed using a two-stage
approach. Treating each participant/occasion as an
individual combines the BSV and BOV for population-
level parameters. Due to the high variability in ato-
moxetine absorption between subjects and occasions,
the BOV could not be reliably estimated using a one-
stage approach. For a two-stage approach, individual
profiles are modeled, followed by a summary of the in-
dividual PK parameter estimates to obtain population-
level estimates. Whereas in a one-stage approach, all
participants are modeled simultaneously to obtain
population-level estimates, and random effects are used
to assess BSV.!” The PK data used presently are rich
profiles for a majority of the participants/occasions
(one subject terminated the study early). This justifies
the use of the two-stage approach since it does not
need other profiles to inform the individual profiles,
which would be necessary for sparse data. One po-
tential limitation of a two-stage approach is the bias
in variability estimates.'®!® Two-stage approaches tend
to overestimate BSV because the individual estimates
are treated as “true” values, ignoring the uncertainty
in those estimates. Additionally, the covariate analy-
sis is not incorporated directly into the PK model;
instead, it is performed post hoc on potentially com-
plex, irregular distributions of individual parameter
estimates. This approach is susceptible to attenuation
bias or false relationships.’® These limitations were
considered acceptable for the current analysis due to
low shrinkage (<16%), indicating that the EBEs reliably
reflect true individual variability. Ultimately, the one-
stage approach was deemed unsuitable for analyzing the
highly variable and complex patterns of atomoxetine
absorption observed in the present dataset. Instead,
a two-stage approach was used to characterize the
pharmacokinetics of atomoxetine in children and ado-
lescents.

Impact of Covariates

Similar to the Cheng et al model,* adding allometric
scaling for actual body weight on apparent clearance
and apparent volume, CYP2D6 phenotype relative
bioavailability compared to NMs on apparent clear-

ance and apparent volume, and CYP2D6 phenotype
clearance effects as covariates sufficiently explained
BSV in the atomoxetine PK. Due to atomoxetine being
administered orally, only the apparent volume and
apparent clearance can be estimated. Adding allometric
scaling for actual body weight using conventional expo-
nents (1.0 for volume and 0.75 for clearance) centered
around a 70-kg typical adult adequately explained the
BSV in apparent volume and clearance by body weight
and obesity. In the present model, allometric scaling
was centered on the typical adult weight, despite the PK
data being solely from children and adolescents (~55
kg), to have the model be adaptable and comparable.
The use of conventional allometric scaling exponents
in the present model, as applied in the Cheng et
al model,* is mechanistically based on the metabolic
differences across body weights.?! Centering on typical
adult weights allows for comparability of parameter
estimates between models regardless of population. As
shown in Figure 3, trends in apparent volume were
reduced to a greater extent than those in apparent clear-
ance following inclusion of allometric scaling, likely
due to the larger allometric exponent and its greater
influence on apparent volume. However, the spread in
apparent clearance and apparent volume around zero
was improved when incorporating allometric scaling.
Bioavailability or clearance effects are apparent
when comparing dose-normalized AUC(,4, by
CYP2D6 phenotypes (Table 2). While IMs, NMs,
and UMs show similar AUC(.,4,, PMs have almost
ninefold higher AUC.o41,. The ny¢/r over CYP enzyme
phenotypes exhibited a trend which can be attributed to
the relative bioavailability, since the enzyme phenotype
should not have an effect on atomoxetine distribution
volume. Relative bioavailability adjustments were only
included for CYP2D6 PMs and IMs, as incorporating
UMs did not adequately explain the variability in
atomoxetine PK. Compared to NMs (fixed at 1.0),
the estimated relative bioavailability was 3.02 for
PMs and 1.33 for IMs, indicating approximately 3-
fold and 1.3-fold higher bioavailability, respectively.
This suggests the presence of extensive pre-systemic
clearance for atomoxetine. This is corroborated by
Cheng et al, as they showed that PMs and IMs have a
higher relative bioavailability compared to NMs and
UMs, which have a similar relative bioavailability.* The
relative bioavailability differences between CYP2D6
phenotypes are much higher than previously reported,*
likely due to additional participants improving
phenotype representation, revealing real exposure
differences that were previously underestimated. In
Study A, participants were dosed based on body
weight, whereas in the additional studies used in the
present analysis, model-based dosing incorporating
CYP2D6 phenotype was utilized to achieve a target
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peak concentration of 400 ng/mL. The previously
estimated relative bioavailability effects could have
been masked by the clearance differences between
participants when receiving the same body weight-
based dose. When exposures were adequately matched
between CYP2D6 phenotypes to account for clearance
differences, the observed differences in exposure are
more likely due to the bioavailability.

After adding the relative bioavailability of CYP2D6
PMs as a covariate, the clearance effects of CYP2D6
PMs were still evident, leading to the addition of
CYP2D6 PMs clearance effects. This effect was esti-
mated as an 81% reduction in clearance for CYP2D6
PMs compared to CYP2D6 NMs. Clearance effects of
IMs and UMs did not adequately explain variability in
the current analysis, whereas the Cheng et al model*
estimated clearance effects for PMs and IMs and a
slight clearance effect from UMs compared to NMs.
The clearance effects could have masked the relative
bioavailability effects, as stated previously. Prioritizing
relative bioavailability before clearance effects was justi-
fied by the mirrored relationships observed in ny./r and
nere on CYP2D6 phenotype (Figure S4). Further,
the additional participants in the combined dataset
may be more informative of clearance and relative
bioavailability effects.

In addition to these covariates, our study deter-
mined that adding relative bioavailability of CYP2C19
PMs statistically improved model fits (P value <.05
using likelihood ratio test) and better centered ap-
parent volume and ncp,r around zero (Figure S6).
The estimated relative bioavailability of CYP2C19 PMs
was 2.32 compared to CYP2C19 NMs (fixed at 1.0),
indicating approximately 2.3-fold higher bioavailabil-
ity. While this only involved two individuals (four
total dosing occasions) and should be interpreted with
caution, the covariate effect aligns with physiolog-
ical expectations, and an approximate twofold dif-
ference in relative bioavailability is clinically mean-
ingful. These two participants were CYP2D6 IMs,
suggesting that more atomoxetine is available for the
N-desmethylatomoxetine pathway, with the potential
to be affected by CYP2C19 genotype/activity, with
CYP2C19 PMs producing higher bioavailability. Addi-
tionally, the EBEs showed substantial and consistent
differences in nver and nepp for these CYP2CI9
PMs, indicating that CYP2C19 PMs may not re-
ceive adequate dosing if not accounted for. No re-
lationships in absorption parameter EBEs were ob-
served for the potential covariates tested, further il-
lustrating the unexplained variability in atomoxetine
absorption.

Future Directions
A key limitation of this analysis is the small sample size
for CYP2D6 PMs and CYP2D6 UMs, which restricted

model qualification in these subpopulations. Similarly,
the number of CYP2C19 PMs and Asian participants
was small. While the linear PK of atomoxetine reduces
the risk associated with extrapolating to steady-state
in these groups, further studies including more par-
ticipants from these subpopulations would strengthen
confidence in phenotype-based dose recommendations.
Additionally, incorporating genetic ancestry in future
studies, rather than relying on self-identified ethnicity
as in the present study, could provide additional model-
relevant information.

Precision medicine has the potential to improve
treatment outcomes by optimizing dosing to achieve
efficacy while minimizing toxicity. Given the high vari-
ability in atomoxetine exposures across CYP pheno-
types, a uniform dosing approach is not optimal. The
current qualified model enables simulation of atomox-
etine exposures based on participant demographics and
can support the identification of adequate typical target
doses likely to achieve therapeutic levels. A clinical
support tool could be developed using this model that
could be used to provide participants with better dose
schedules to ensure they achieve therapeutic levels. This
support tool could incorporate participant characteris-
tics, including body weight, first dose exposure checks,
known CYP enzyme phenotypes, and knowledge of
CYP enzyme inducer/inhibitor, to predict expected PK
profiles, expected exposure metrics, potential initial and
target doses.

More exciting is the potential for model-informed
dosing and control of systemic exposure to identify
patients who are inherently non-responsive to atomoxe-
tine (e.g., unlikely to respond to atomoxetine regardless
of the systemic exposure achieved), leading to future
investigation of the factors contributing to the non-
response phenotype. The ability to predict patients
who will, or will not, respond to atomoxetine (or any
medication) represents an additional step toward true
precision therapeutics.

Conclusions

A population PK model was developed to describe
single-dose and steady-state atomoxetine exposures
in children and adolescents across the spectrum of
CYP2D6 and CYP2CI19 activities. Significant covariate
effects were observed for actual body weight, CYP2D6
and CYP2C19 on relative bioavailability and CYP2D6
on clearance. The application of the developed model
to individualize dosing and reduce variability in the
dose-exposure relationship has considerable potential
to improve patient outcomes by reducing the risk of
treatment failure due to inadequate exposure.
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