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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT

AIMS

Olodaterol, a novel f2-adrenergic receptor agonist, is a long-acting,
once-daily inhaled bronchodilator approved for the treatment of
chronic obstructive pulmonary disease. The aim of the present study
was to describe the plasma and urine pharmacokinetics of olodaterol
after intravenous administration and oral inhalation in healthy
volunteers by population pharmacokinetic modelling and thereby to
infer its pulmonary fate.

METHODS

Plasma and urine data after intravenous administration (0.5-25 pg) and
oral inhalation (2.5-70 pg via the Respimat® inhaler) were available
WHAT THIS STUDY ADDS from a total of 148 healthy volunteers (single and multiple dosing). A
stepwise model building approach was applied, using population
pharmacokinetic modelling. Systemic disposition parameters were
fixed to estimates obtained from intravenous data when modelling
data after inhalation.

RESULTS

A pharmacokinetic model, including three depot compartments with
associated parallel first-order absorption processes (pulmonary model) on
top of a four-compartment body model (systemic disposition model), was
found to describe the data the best. The dose reaching the lung (pulmonary
bioavailable fraction) was estimated to be 49.4% [95% confidence interval
(Cl) 46.1, 52.7%] of the dose released from the device. A large proportion of
the pulmonary bioavailable fraction [70.1% (95% Cl 66.8, 73.3%)] was
absorbed with a half-life of 21.8 h (95% CI 19.7, 244 h).

CONCLUSIONS

The plasma and urine pharmacokinetics of olodaterol after intravenous
administration and oral inhalation in healthy volunteers were
adequately described. The key finding was that a high proportion of
the pulmonary bioavailable fraction had an extended pulmonary
residence time. This finding was not expected based on the
physicochemical properties of olodaterol.
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Introduction

Chronic obstructive pulmonary disease (COPD) is one of
the leading causes of death worldwide, creating both
an economic and social burden [1, 2]. COPD is character-
ized by small airway obstructions and parenchymal
destruction, causing persistent airflow limitations and
acute exacerbations [2]. Although there is currently no
cure for COPD, acute and persistent disease symptoms
alike are treatable with various inhaled drugs. Short-
acting bronchodilators, corticosteroids and antibiotics
are considered the gold standard for treating acute ex-
acerbations, whereas long-acting bronchodilators are
the first-line therapy to treat persistent disease charac-
teristics and to prevent exacerbations [2].

Olodaterol, a novel B2-adrenergic receptor agonist, is
a long-acting, once-daily administered bronchodilator
that has recently been approved for the treatment of
COPD in the EU, USA and several other countries [3, 4].
It is administered by inhalation via the Respimat® soft
mist”" inhaler, with the aim of achieving high pulmonary
and, at the same time, low systemic concentrations. It is
thereby possible to minimize the probability of systemic
adverse events while still inducing a relaxation of pulmo-
nary smooth muscle cells and thus maintaining efficacy
[5-7]. Although it is generally accepted that delivering
drugs directly to the lungs by inhalation results in a more
favourable efficacy to systemic safety ratio compared
with oral or intravenous (IV) administration [8], a quanti-
tative and/or mechanistic understanding of the pulmo-
nary fate [pulmonary pharmacokinetics (PK), including
drug deposition] of inhaled drug is often lacking [9-11].
The benefits of an increased mechanistic understanding
of the pulmonary fate of inhaled drugs include the
possibility of improved treatment options for respiratory
diseases, including COPD - for instance, to develop novel
inhalation therapies (e.g. new drug compounds or new
inhalation devices) with an optimized pulmonary
concentration-time profile at the specific site of action
(e.g. local areas of the lung).

Options for obtaining pulmonary tissue concentra-
tions are currently limited, and are invasive. Studying
pulmonary PK in isolated, perfused lung experiments
can generate valuable information [12]. However, the
time frame over which pulmonary PK can be studied in
these experiments is often limited to a few hours and
hardly suffices to capture pulmonary PK over several
days [12], which may be an important aspect for drugs
with a long pulmonary residence time. With the emerg-
ing science of modelling and simulation, new ap-
proaches for extracting information about the
pulmonary fate of inhaled substances from human
plasma PK studies have recently been proposed and
successfully implemented [13]. Building on PK data ob-
tained after IV administration and inhalation, these
model-based approaches have demonstrated parallel

absorption processes and extended pulmonary resi-
dence times for inhaled glycopyrronium and
tiotropium, and thus helped increase the understand-
ing of the pulmonary fate of these two compounds
[13, 14]. Whether these findings are substance specific
or can be generalized is currently of high interest.

Hence, the objective of the present analysis was to
investigate the (pulmonary) PK of inhaled olodaterol by
applying a nonlinear mixed-effects modelling approach
(population PK approach) to plasma and urine data after
IV administration and oral inhalation. Investigating the
pulmonary fate of inhaled olodaterol, the population PK
analysis also allowed studying the potential effects of
subject characteristics (covariates) on pulmonary
processes. Finally, the developed PK model was used
for simulating the pulmonary and systemic PK profiles
after single- and multiple-dose inhalations, with the aim
of understanding how the PK processes might contribute
to the rationale of once-daily dosing for olodaterol.

Materials and methods

Data for model development

Plasma and urine data from three Phase | clinical trials in
healthy volunteers after IV infusion (single dose) and oral
inhalation (single and multiple doses) of olodaterol were
available for PK model development and evaluation. Oral
data were not analysed as previous analyses of an ab-
sorption, distribution, metabolism and excretion (ADME)
trial demonstrated that olodaterol has a negligible
systemic availability after oral dosing [15]. Details on trial
design, plasma sampling times and urine collection inter-
vals are provided below.

The IV trial (trial 1) was a randomized, single-blind,
placebo-controlled trial in which healthy volunteers re-
ceived single doses of 0.5 ug, 2.5 ug, 5 png, 10 ug, 15 pg,
20 pg, or 25 pug via infusion. The duration of the infusion
was 30 min for doses lower than 15 ug and 3 h for doses
higher than 15 pg. For the 15 ng dose, the duration of the
infusion was either 30 min or 3 h. When the duration of
the infusion was 30 min, blood samples were taken at
15 min, 29 min, 40 min, 50 min, 1 h, T h 20 min, 2 h,
3h,4h,6h,8h,10h,12h,24 hand 48 h (the 48-h sample
was taken only for the 10 pg and 15 pg dosing groups)
after the start of the infusion. Urine samples were col-
lected at the following intervals after the start of the infu-
sion: 0-4 h, 4-8 h, 8-12 h, 12-24 h, 24-48 h, 48-72 h and
72-96 h. When the duration of the infusion was 3 h, blood
samples were taken at 3 min, 10 min, 30 min, 2 h 59 min,
3 h 3 min,3h 6 min, 3 h 10 min, 3 h 30 min, 4 h 30 min,
5 h 30 min, 6 h 30 min, 8 h 30 min, 10 h and 24 h after start
of the infusion. Urine samples were collected at the follow-
ing intervals after the start of the infusion: 0-4 h, 4-8 h,
8-12 h and 12-24 h.
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The first inhalation trial (trial 2) was a randomized,
double-blind, placebo-controlled single rising-dose trial,
in which healthy volunteers inhaled doses of 2.5 pg,
5 png, 10 png, 15 pg, 20 pg, 30 pg, 40 pg, 50 ng, 60 ng, or
70 pg with the Respimat® inhaler. In addition, doses of
0.5 pg and 1 pg were administered but PK samples were
not obtained. Depending on the dose group, blood sam-
ples were taken at 2 min, 5 min, 10 min, 20 min, 30 min,
40 min, 50 min, 1 h,2h,3 h,4h,6h,8h, 10 h, 12 h,
24 h, 48 h, 72 h and 96 h after inhalation. Urine samples
were collected at the following intervals after inhalation:
0-2 h, 2-4 h, 4-8 h, 8-12 h, 12-24 h, 24-48 h, 48-72 h,
72-96 h and 96-120 h.

The second inhalation trial (trial 3) was a randomized,
double-blind, placebo-controlled trial in which healthy
volunteers inhaled once-daily doses of 2.5 ug, 10 ug, or
30 pg with the Respimat® inhaler over 14 days. Extensive
blood and urine sampling was performed after the first
and the last (dose 14) inhaled dose. After the first inhaled
dose, dependent on the dose group, blood samples were
taken at 5 min, 10 min, 20 min, 30 min, 40 min, 1 h, 2 h,
4 h,6h,8h,12hand 24 h after inhalation. Urine samples
were collected at the following intervals after inhalation:
0-4 h, 4-12 h and 12-24 h. After the last inhaled dose,
depending on the dose group, blood samples were taken
at 5 min, 10 min, 20 min, 30 min, 40 min, 1 h,2 h,4 h, 6 h,
8h,12h,24h,48h,72h,96 h, 168 h and 192 h after drug
inhalation. Additional blood PK samples were taken on
days 9, 12 and 13 (doses 10, 13 and 14) prior to drug
inhalation. In contrast to urine sampling after single-dose
inhalation, after the last inhaled dose (day 13, dose 14),
urine samples were collected at the following intervals:
0-4 h, 4-12 h, 12-24 h, 24-48 h, 48-72 h, 72-96 h,
168-192 h and 216-240 h - i.e. in total over 10 days (days
13-23).

Blood samples were taken from a forearm vein in
each subject and placed in EDTA coated collection tubes.
Immediately after collection, the blood samples were
centrifuged at 4-8°C for 10 min at about 2000-4000 g.
Both plasma and urine collections were stored at —20°
C or below until bioanalytical measurement. Urine and
plasma concentrations were determined by validated
high performance liquid chromatography-tandem mass
spectrometry assays using [Ds]olodaterol as internal
standard [16]. The lower limit of quantification was 2 pg
ml™" and 10 pg ml™' for plasma and urine samples,
respectively. In-study validation at three nominal con-
centrations demonstrated assay accuracy (relative devia-
tion from target concentration) ranging from —7.7% to
8.5% for plasma and —3.5% to 5.5% for urine concen-
trations, precision (% CV) ranged from 0.2% to 9.4%
for plasma and 2.1% to 8.2% for urine concentrations.

All trials were approved by the respective indepen-
dent ethics committees [ethics committee of the local
medical council in Mainz (trial 1 and trial 2), Medisch
Ethische Toetsingscommissie Atrium Medisch Centrum —
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Maaslandziekenhuis (trial 3)] and were conducted in
accordance with the Declaration of Helsinki and Good
Clinical Practice guidelines. All healthy volunteers
provided written informed consent before trial inclusion.
More details can be found under the specific
ClinicalTrials.gov identifier (trial 1: NCT02172131, trial 2:
NCT02171780, trial 3: NCT02171806).

Model development
Model development was based on a stepwise approach
that was previously described by Bartels et al. [13]. As a
first step, plasma and urine measurements following IV
administration were used to characterize the systemic
distribution and elimination processes. This model is re-
ferred to as the ‘systemic disposition model’ below. As a
second step, plasma and urine measurements following
inhalation (trials 2 and 3) were used to characterize the
combined PK of inhaled olodaterol (systemic disposition
and upstream pulmonary PK processes, referred to as the
‘combined PK model’). This second modelling step was
performed under the assumption that the systemic
disposition model was independent of the route of ad-
ministration, meaning that the parameters of the sys-
temic disposition model were fixed to the estimated
values in the first step. Hence, in the second step only
the pulmonary PK-related parameters (absorption rate
constants and associated proportions absorbed by a spe-
cific absorption rate constant) were estimated. This addi-
tional part of the combined PK model is referred to as the
‘pulmonary PK model'. Inclusion of olodaterol absorption
from the gastrointestinal tract into the model was not
necessary as the systemic availability of olodaterol
after oral administration is virtually zero (based on
data from an unpublished ADME trial). Data below the
lower limit of quantification (LLOQ) were not included
in the analysis.

Model development was performed using NONMEM
7.2 (Icon Development Solutions, Ellicott City, MD, USA).

Structural model In the first step of the model building
process, different structural models, ranging from one- to
five-compartment models, with drug clearance described
by two linear clearance processes from the central
compartment (renal and nonrenal), were investigated as
systemic disposition models.

In the second step of the model building process,
different structural pulmonary PK models were investi-
gated: i) parallel first-order absorption processes, repre-
sented by depot compartments from which the drug
was absorbed into the central compartment of the sys-
temic disposition model; ii) parallel absorption processes,
representing absorption into different compartments of
the systemic disposition model; iii) parallel absorption
processes with an additional pulmonary distribution
compartment; and iv) parallel transit absorption models
with absorption into the central compartment of the
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systemic disposition model. A graphical representation
of all investigated pulmonary absorption models can be
found in the online Additional Supporting Information
(Figure S1). The different structural pulmonary PK models
were evaluated on top of the systemic disposition model
developed in step one (model parameters were fixed to
the estimates of the first step).

To describe the parallel absorption processes quanti-
tatively, the total bioavailability was estimated, and
assumed to represent the pulmonary bioavailable frac-
tion of the dose released from the Respimat® inhaler
(nominal dose). This assumption was based on the fact
that olodaterol has a low systemic availability after oral
dosing. In addition, each of the parallel absorption
processes was characterized by two PK parameters: an
estimated absorption rate constant and the respective
proportion of the pulmonary bioavailable fraction
absorbed. To calculate the different proportions of the
pulmonary bioavailable fraction absorbed, proportional-
ity parameters were estimated. The number of propor-
tionality parameters was equal to the number of depot
compartments representing pulmonary drug absorption
minus one. For the transit absorption models, the transit
rate constant was assumed to be equal for all transits and
was estimated, along with the number of transit com-
partments. Both the pulmonary bioavailable fraction
and the sum of all proportions of the pulmonary bioavail-
able fraction absorbed were constrained between zero
and one.

A NONMEM control stream of the pulmonary PK
model with parallel absorption processes is provided in
Appendix S1, for better illustration of the principle of
the proportionality parameters.

Randome-effects model A forward inclusion approach was
applied systematically to identify random-effect parameters.
The first systemic disposition model included between-
subject variability (BSV) of the nonrenal clearance. The
first combined PK model included previously estimated
BSV parameters of the systemic disposition model.
Additional BSV parameters (variance and covariance
parameters) were added to the models in a stepwise
procedure until no additional improvement in model fit
was observed; the parameter and their uncertainty
estimation were still successful and the 95% confidence
intervals did not include zero. BSV was assumed to be
log-normally distributed.

If BSV was estimated on a structural parameter
constrained between zero and one (i.e. pulmonary
bioavailable fraction, proportionality parameters), BSV
was assumed to be normally distributed and added to
the logit-transformed parameter estimate. In a second
step, the parameter associated with BSV was transformed
using an inverse logit transformation, so that the resulting
individual parameter estimate was again constrained
between zero and one.

In a second step of the random-effects model develop-
ment, between-occasion variability (BOV) was investigated
for all pulmonary PK parameters associated with BSV. For
model development, a combined residual variability
model with two parameters, describing a proportional
and an additive component, was used and reduced to a
proportional residual variability model with only one
parameter, if feasible [17]. The last step of model develop-
ment (after covariate screening) was to re-evaluate
variability parameters and remove them if the inclusion
criteria were no longer fulfilled.

Covariate model A stepwise covariate modelling (SCM)
approach including forward selection and backward
elimination (alpha =0.05 and alpha =0.001) was used for
identifying significant covariates for both the systemic
disposition model and the pulmonary absorption model
[Perl speaks NONMEM (PsN 4.2.0)] [18, 19]. Physiologic
plausibility guided the selection of covariates to be tested.
These comprised: the effect of body surface area (BSA);
creatinine clearance; age; and smoking status on the
clearance (nonrenal and renal), as well as the effect of BSA;
gender; and age on both the volumes of distribution (V)
and the between-compartment clearances (Q). Covariates
assessed in the pulmonary absorption model comprised:
the effect of smoking status and age on the absorption
rate constants, as well as the effect of smoking status; age;
gender; and BSA on the pulmonary bioavailable fraction
and the proportionality parameters. As a further potentially
important covariate, the administered dose was explored
as a covariate on all PK parameters associated with BSV
based on exploratory plots of individual random effects
parameters stratified by dose. The covariate model for the
systemic disposition model was developed based on IV
data, whereas the covariate model for the pulmonary
absorption model was developed based on inhalation data.

Decision criteria for model development Both graphical
and numerical criteria were used for model evaluation
and selection of a best PK model. Goodness-of-fit (GOF)
plots included (individual) predictions vs. observations of
olodaterol concentrations; individual PK profile plots;
conditional weighted residuals vs. time (after dose);
absolute individual weighted residuals vs. individual
predictions; and density and quantile-quantile plots of
BSV parameters. The numerical criteria included the
decrease in the NONMEM objective function value; the
precision of parameter estimates and the decrease in
residual variability. Dose-normalized visual predictive
checks (VPC) and VPCs to evaluate also plasma
concentrations below the LLOQ [20] were performed to
investigate the predictive performance of the key models
(during model development) and the best model.
Nonparametric bootstrapping was performed for the best
PK model [18] to obtain nonparametric standard errors of
the model parameter estimates (n = 200).
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Simulations Monte-Carlo simulations (n = 1000) based
on the best PK model (including BSV and BOV) were
performed for once-daily drug inhalation for 10 days
(5 ng, approved dose) to increase the understanding of
the pulmonary and systemic PK processes of inhaled
olodaterol. Simulation outcomes comprised the sum of
drug amounts in all lung depot compartments; the sum
of drug amounts in all systemic disposition compartments
(body compartments); the plasma concentration; and the
cumulative amount of drug excreted into the urine during
one dose interval after multiple-dose inhalations (n = 10,
assumption of steady-state attainment). Summary
statistics, such as the areas under the curve (AUCs) for the
different time profiles (drug amount in the depot
compartments, drug amount in the body compartments,
plasma concentration, cumulative amount excreted into
the urine) after single drug inhalation (AUCy_»4n) and
multiple drug inhalations (AUC.), were then calculated.
In addition, drug accumulation was calculated based on
either the previously determined AUCs or the simulated
maximum plasma concentrations (Cinax)-

Results

Data
All three trials provided a total number of 148 healthy
volunteers with PK data. Table 1 gives an overview of the

Table 1

characteristics of the data and the trial populations
included in the analysis. Plasma concentration-time
profiles and cumulative drug amounts eliminated into
the urine are represented in Figure 1. Plasma concentra-
tions after IV olodaterol administration (2.07-164 pg ml™"
covered the range of plasma concentrations after
olodaterol inhalation (2.00-72.1 ug mi).

Model development

Structural model The systemic disposition model that best
described the plasma and urine data after IV administration
was a four-compartment model, with drug elimination
described by two parallel first-order elimination processes
from the central compartment (renal and nonrenal)
(Figure 2, bottom). The combined PK model that best
described the plasma and urine data after drug inhalation
was characterized by three depot compartments, from
which drug was absorbed into the central compartment of
the disposition model with different first-order absorption
rate constants (Figure 2, top = Figure S1, top middle).

Renal elimination of nonmetabolized olodaterol
accounted for 14.2% of the total elimination. Thus, the
nonrenal clearance was approximately sixfold higher than
renal clearance. The pulmonary bioavailable fraction was
estimated to be 49.4% of the nominal dose (ex-mouthpiece).
The largest proportion (70.1%) of the pulmonary bioavail-
able fraction was absorbed slowly, with an absorption half-
life of 21.8 h. The two remaining absorbed proportions

Summary of trial and baseline demographic characteristics of healthy volunteers with pharmacokinetic (PK) data used for the population PK analysis

Trial 1 Trial 2 Trial 3
Route of administration I\ Inhalation Inhalation
Dosing Single Single Multiple
Administered doses with PK data (ng) 0.5-25 2.5-70 2.5-30
Number of healthy volunteers with PK data 48 65 35
Plasma PK data points above LLOQ used for analyses* N =435 N = 605 N =547
TAD: 2 min to TAD: 2 min to TAD: 4 min to
24 h 48 h 6 min 9% h
Fraction of plasma PK data points below the LLOQ (%) 36.1 39.7 52.1
Urine PK data points above LLOQ used for analyses* N =231 N =440 N =396
TAD: 3 h 32 min to TAD: 2 h to TAD: 3 h 56 min to
96 ht 96 ht 240 ht
Fraction of urine PK data points below the LLOQ (%) 17.5 3.08 2.94
Gender (male/female; %) 100/0 90.8/9.2 74.3/25.7
Smoking status (nonsmoker/ex-smoker/smoker; %) 72.9/12.5/14.6 56.9/18.5/24.6 60.0/17.1/22.9
Age (median, range; years) 30.5 (22-43) 34 (22-49) 34 (22-48)
BSA (median, range; mz) 1.96 (1.75-2.29) 1.98 (1.55-2.31) 2.02 (1.60-2.31)
Body weight (median, range; kg) 78 (65-101) 81 (54-105) 81 (53-103)
Body height (median, range; cm) 180 (168-194) 178 (157-192) 180 (162-194)
Creatinine clearance (median, range; ml/min)+ 121 (89-171) 116 (80-170) 117 (77-156)

*Small deviations of the time after dose compared with the data description in the text might be possible as these values represent the real sampling time points. tTime after
dose for urine samples describes the time of the final urine collection of a specific urine collection time interval. #Creatinine clearance values were calculated according to the
Cockcroft-Gault equation [45]. BSA, body surface area; IV, intravenous; LLOQ, lower limit of quantification; TAD, time after dose.
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Figure 1

Semi-logarithmic plot of olodaterol plasma and urine data, including a colour grading for the different dosing regimens. (A) Plasma concentrations after
intravenous administration (trial 1). (B) Plasma concentrations after oral inhalation (single and multiple rising-dose trials, trial 2 and trial 3). (C) Cumu-
lative amount of drug excreted into the urine after intravenous administration (trial 1). (D) Cumulative amount of drug excreted into the urine after

inhalation (single and multiple rising-dose trials, trial 2 and trial 3)

accounted for 26.6% and 3.32% of the pulmonary bioavail-
able fraction and were absorbed with absorption half-
lives of 2.00 h and 0.268 h, respectively. The long terminal
plasma half-life of 82.5 h after inhalation was identical to
that after IV administration and, hence, was determined
by the systemic disposition model and not by the slowest
absorption process. A summary of all estimated model
parameters, including relative standard errors of the esti-
mates, is given in Table 2. Derived parameters calculated
from the parameter estimates are given in Table 3.

Randome-effects model BSV parameters for the systemic
disposition model were estimated for the central volume
of distribution (V¢), the intercompartmental clearances
between the central and the first and second peripheral
compartments (Q,, Qs), and the nonrenal clearance (CLyg).
For the combined PK model, additional BSV parameters
were identified for the first and the second proportionality
parameters (FF1, FF2). Additional covariances did not
significantly improve the pulmonary absorption model.
The variability of the pulmonary bioavailable fraction was

better described by a BOV instead of a BSV parameter, so
that the BSV was no longer necessary. No time dependent
changes were observed for the pulmonary bioavailable
fraction in the individuals. All parameters in the systemic
disposition model and the combined PK model except V,
were estimated with good precision (less than 20%
relative standard error of the estimate; see Table 2). Point
estimates of the parameters were in good agreement with
results obtained from nonparametric bootstrapping, with
deviations of less than 3% (relative to the point estimate),
whereas the estimated standard errors of the PK
parameters differed by less than 20% (absolute value). The
highest n-shrinkage was 38.7% and 66.1% for BSV and
BOV parameters, respectively, while the e-shrinkage was
low (6.83%).

GOF plots demonstrated the adequateness of the best
PK model for both plasma (Figure 3) and urine (Figure 4)
data for all investigated dosing regimens. The results of
dose-normalized VPCs and VPCs to evaluate plasma con-
centrations below the LLOQ (Figure 5) were in agreement
with the goodness-of-fit criteria (Figures 3 and 4) and
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Figure 2

Schematic representation of the best pharmacokinetic (PK) model. Pulmonary PK box: Pulmonary PK model; systemic PK box: systemic disposition
model; rhombus: calculated values; rectangles: model compartments; arrows from the absorption compartments to the central systemic compartment
represent the absorption processes. ClLg, renal clearance; CLyg, nonrenal clearance; FF1, first proportionality parameter; FF2, second proportionality
parameter; k, siow, Slow absorption rate constant; k, .+, intermediate absorption rate constant; k, f.s, fast absorption rate constant; ND, nominal dose
(ex-mouthpiece); PBIO, pulmonary bioavailable fraction; Q,—Qq: inter-compartmental clearances; Vc-V,, volumes of distribution. Whenever the next

dose was inhaled, the calculation of the cumulative amount of drug excreted into the urine was restarted

Table 2

Estimated pharmacokinetic model parameters

Parameter Abbreviation
Central volume of distribution (CMT 1)* Ve
Peripheral volume of distribution (CMT 2)* Vs,
Peripheral volume of distribution (CMT 3)* V3
Peripheral volume of distribution (CMT 4)* V,
Inter-compartmental clearance (to CMT 2)* Q,
Inter-compartmental clearance (to CMT 3)* Qs
Inter-compartmental clearance (to CMT 4)* Qs
Renal clearance* Clg
Nonrenal clearance* Clnr
Slow absorption rate constant Ka slow
Intermediate absorption rate constant Ka_int
Fast absorption rate constant Ka_fast
Pulmonary bioavailable fraction PBIO
First proportionality parameter FF1
Second proportionality parameter FF2

Impact of active smoking on kj fast -
Impact of active smoking on ka siow -
Proportional residual variability (plasma) -
Additive residual variability (plasma) =

Proportional residual variability (urine) -

Additive residual variability (urine) =

Unit

[n
0}
1)
[}
Ih™'
Ih'
Ih'
Ih™'
Ih™'
h
h']
h]
[% ND]
[%]
[%]

[% CV]
[pg mi™]
[% CV]
[pg mi ]

Population estimate (% RSE)

23.5(4.35)
2590 (35.7)
473(10.7)

16.1(19.7)
31.7(12.3)
65.7 (5.28)
22.5(8.06)
10.5 (4.55)
63.7 (8.49)

0.0318(5.23)

0.347 (7.04)
2.59(9.97)
49.4 (3.32)
70.1(2.33)
88.9(1.89)
1.08 (18.0)

—0.380(10.2)

15.8 (1.66)

0.00001 fixed

37.7 (2.30)

0.00001 fixed

BSV [% CV] (% RSE)

26.2(10.4)

25.7(13.5)
16.8 (13.5)

26.8 (13.5)
BOV: 32.2 (8.50)t
11.4(14.0)
9.33(16.0)

*Parameters were estimated based on intravenous data. tBOV instead of BSV. BSV, between-subject variability; BOV, between-occasion variability; CV, coefficient of variation; ND, nominal

dose (ex-mouthpiece); RSE, relative standard error.
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Table 3

Derived pharmacokinetic (PK) model parameters

Calculated
Parameter Abbreviation Units value
Slow absorption half-life t1/2_slow [h] 21.8
Intermediate absorption t1/2_int [h] 2.00
half-life
Fast absorption half-life t1/2_fast [h] 0.268
Slow absorption Ka_slow_smoker h] 0.0197
rate constant (smoker)
Fast absorption rate Ka fast_smoker [hq] 5.39
constant (smoker)
Slow absorption t1/2 slow smoker [h] 35.2
half-life (smoker)
Fast absorption t1/2_fast_smoker [h] 0.129
half-life (smoker)
Proportion of the Froiow [%] 70.1
pulmonary bioavailable
fraction slowly absorbed
Proportion of the pulmonary  Fr; [%] 26.6
bioavailable fraction
intermediately absorbed
Proportion of the pulmonary  Fre, [%] 3.32
bioavailable fraction fast
absorbed
Bioavailability of Fsiow [% ND] 34.6
slowly absorbed drug
Bioavailability of Fint [% ND] 13.2
intermediately absorbed
drug
Bioavailability of fast [E [% ND] 1.64
absorbed drug
Fraction excreted into Fe [% of total  14.2
the urine elimination]

Calculated from the population PK parameter estimates in Table 2, with
half-lives calculated using t%2 = In(2)/k. ND, nominal dose (ex-mouthpiece).

demonstrated an overall good predictive performance for
both matrices (Figure 5).

Covariate model Based on IV data, no significant covariates
were identified for the systemic disposition model. Based on
oral inhalation data, smoking decreased the absorption
half-life of the fast absorption process by 51.9%, to
0.129 h and increased the absorption half-life of the slow
absorption process by 61.5%, to 35.2 h (both P < 0.001).
There was no difference between ex-smokers and
lifetime nonsmokers. The forward selection of the SCM
approach also indicated that females had a higher
pulmonary bioavailable fraction (P < 0.05); however, this
covariate was removed during the backward elimination
process (P > 0.001).

Simulations  PK simulations were performed both for
smokers and nonsmokers (Figure 6). The amount of drug in
the pulmonary depot compartments was 55.8% higher at
steady state (AUC,.) for smokers compared with
nonsmokers. This represented the largest difference
between the two populations, indicating a higher

pulmonary residence time of olodaterol in smokers. There
was a less pronounced difference in the calculated AUC,;
for the amount of drug in the body compartments, the
plasma concentration-time profile and the cumulative
amount of drug excreted into the urine after multiple
dosing, with relative differences of less than 3% between
smokers and nonsmokers. Differences between smokers
and nonsmokers in three AUCy_ o4, values (drug amount
in the body compartments, plasma concentration and
cumulative amount excreted into the urine) after single-
dose inhalation were more pronounced (except for the
AUCy_p4n for the amount of drug in the depot
compartments, compared with steady state), ranging from
9% to 19%. Drug accumulation in the plasma, which was
calculated based on AUCy »4, and AUC, for the plasma
concentrations after single and multiple doses, was 2.67
and 2.15 for smokers and nonsmokers, respectively.
Compared with these values, drug accumulation
calculated with the simulated C,,, was lower; i.e. 1.48 and
144 for smokers and nonsmokers, respectively. Drug
accumulation in the body compartments was highest,
with accumulation ratios of 8.30 and 7.05 in smokers and
nonsmokers, respectively.

Discussion

A population PK model-based approach was applied to
investigate the pulmonary fate of inhaled olodaterol
and to identify patient factors influencing pulmonary
and plasma PK after single and multiple doses of a broad
range of doses administered IV and by inhalation.
Absorption of swallowed drug after inhalation, was con-
sidered negligible based on a previous ADME trial. The
PK model that best described the plasma and urinary
concentrations incorporated three paralell pulmonary
absorption processes. A key finding was that a large pro-
portion of the pulmonary bioavailable fraction (approxi-
mately 70%) was slowly absorbed, with an absorption
half-life of approximately 1 day. Pulmonary absorption
half-lives of small molecules with log octanol-water par-
tition coefficients similar to that of olodaterol (the log D
value at pH 7.4 is 1.2 [21]) are generally assumed to be be-
tween 1 min and 1 h [22]. Hence, the finding that a large
proportion of the pulmonary bioavailable fraction exhibits
a prolonged pulmonary residence time does not agree
with the general assumption that dissolved drug is being
rapidly absorbed from the lung [9, 10]. However, it is con-
sistent with a recent publication, in which a modelling ap-
proach demonstrated an extended residence time for a
significant proportion of the pulmonary bioavailable frac-
tion following tiotropium inhalation, which was adminis-
tered in the form of a solution [14]. The slow absorption
process contributed to drug accumulation after multiple
drug inhalations. The fast and intermediate absorption
processes were the main contributors to the early Cp.x
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Time after last dose [h]

50 @ 60 @ 70

Standard goodness-of-fit plots for plasma pharmacokinetic (PK) data after olodaterol inhalation, including a colour grading for the different dosing
regimens. (A) Logarithmic plot of olodaterol observations vs. predictions. (B) Logarithmic plot of observations vs. individual predictions. (C) Semi-
logarithmic plot of absolute individual weighted residuals (IWRES) vs. individual predictions. (D) Semi-logarithmic plot of conditional
weighted residuals (CWRES) vs. time after last dose. In (A) and (B), the thick black line represents the line of identity and the thin black
line represents the lower limit of quantification. In (C) and (D), the thick black line represents the reference line

and the initial shape of the plasma concentration-time
profile. The fast absorption half-life (~16 min) is in good
agreement with the value predicted from the log D value.
The three parallel first-order absorption processes
(slow, intermediate and fast) are in agreement with re-
cent publications for orally inhaled glycopyrronium
[13], tiotropium [14] and morphine [23]. Alternative
pulmonary PK models that were investigated for
inhaled olodaterol (e.g. transit absorption model,
direct absorption into peripheral compartments; see
Figure S1) could not be supported with the PK data.
The main route of elimination identified with the PK
model was nonrenal clearance, consistent with a previous
ADME trial. This pronounced nonrenal elimination results
in negligible oral bioavailability and rapid elimination, ulti-
mately contributing to low systemic adverse effects and
efficient lung targeting after oral inhalation. For inhaled
drugs, low oral bioavailability can be considered beneficial
as the swallowed drug fraction after inhalation does not
contribute to systemic adverse events. Low plasma
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concentrations due to a high systemic olodaterol clearance
can additionally be considered to contribute to efficient
targeting of the lungs after oral drug inhalation.

The random-effects model was consistent with previ-
ous findings for oral drug inhalation: A higher BOV com-
pared with BSV was demonstrated [24]. This was thought
to be the result of varying breathing patterns [25]. Variabil-
ity in the pulmonary bioavailable fraction of olodaterol
was also better described by a BOV than a BSV parameter.
However, given the available PK data, it was difficult to dis-
tinguish between BOV and BSV. For individuals who con-
tributed only single-dose data, BSV and BOV could not
be differentiated and were combined into a single variabil-
ity term. To better predict individual concentration-time
profiles, additional data, such as individual inhalation
flows should be included in the PK model development.
Individual inhalation flows were not available in the clini-
cal trials available for this analysis.

The inclusion of urine data in the analysis was critical
for adequately characterizing model parameters. In the
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Standard goodness-of-fit plots for urine data after olodaterol inhalation, including a colour grading for the different dosing regimens. (A) Logarithmic
plot of observations vs. predictions. (B) Logarithmic plot of observations vs. individual predictions. (C) Semi-logarithmic plot of absolute individual
weighted residuals (IWRES) vs. individual predictions. (D) Semi-logarithmic plot of conditional weighted residuals (CWRES) vs. time after last dose. In
(A) and (B), the thick black line represents the line of identity and the thin black line represents the lower limit of quantification; in (C) and (D), the black

line represents the reference line

absence of the urine data, a three-compartment systemic
disposition model was sufficient for describing IV plasma
data [15]. The same qualitative results (three pulmonary
absorption processes) were identified in the best pulmo-
nary model. The slow pulmonary absorption process was
the rate-limiting step that drove the terminal half-life and
caused accumulation after multiple inhalations (effective
half-lives [26] of 8.75 h and 34.0 h derived from the PK
model after IV bolus administration and inhalation,
respectively). After inclusion of the urine data in the PK
analysis, a four compartment systemic disposition model
was needed to characterize IV plasma and urine data ad-
equately. The terminal half-life was 82.5 h after both IV
administration and inhalation, indicating that it was in-
dependent of the absorption process. The effective
half-lives [26] were 13.6 h and 29.0 h for IV bolus admin-
istration and inhalation, respectively. Thus, even though
the terminal half-life was independent of the absorption
process, drug accumulation after inhalation was still
dependent on the pulmonary absorption process.

A previous analysis demonstrated that including data
below the LLOQ in the model did not affect the systemic
disposition model (results not shown here). Therefore,
the impact of including urine data in model develop-
ment was more pronounced than expected (see above).
This may be due to the availability of urine data over a
longer time period than plasma concentrations above
the LLOQ.

Smoking was found be a significant covariate on the
slow and fast pulmonary absorption rate constants. The
effect of smoking on the fast absorption process is in
agreement with previously published studies. These
studies demonstrated that smoking inhibits tight junc-
tions in the lung [27], resulting in faster drug absorption
through the airway epithelia [28]. The formation of new
tight junctions and a decrease in pulmonary epithelial
permeability can be observed as soon as 24 h after the
last smoking activity [29, 30]. This might explain why
there was no significant difference between ex-smokers
and nonsmokers in the present study. The same effect
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Figure 5

Dose-normalized visual predictive checks (VPC) to evaluate model performance. (A) Semi-logarithmic VPC for plasma concentrations after single-dose
inhalation. (B) Semi-logarithmic VPC for plasma concentrations after multiple-dose inhalation (ngese = 14). (C) VPC for plasma concentrations below the
lower limit of quantification (LLOQ) after a single dose. (D) VPC for plasma concentrations below the LLOQ after multiple doses (ngose = 14). (E) Semi-
logarithmic VPC for the cumulative amount of olodaterol excreted into the urine after single-dose inhalation. (F) Semi-logarithmic VPC for the cumula-
tive amount of olodaterol excreted into the urine after multiple-dose inhalation (ngose = 14). The orange line represents the median of the observed
data, the blue dashed lines represent the 5" and 95™ percentiles of the observed data, the orange shaded area represents the 95% confidence interval
around the median of the simulated data, the blue shaded area represents the 95% confidence interval around the 5™ and 95" percentile of the
simulated data and the blue points represent the measured concentrations

of smoking increasing the pulmonary absorption rate smoking on the slow absorption rate constant was found
constant was demonstrated for inhaled insulin [31]. No in literature. Simulations based on the best model pro-
physiologically plausible explanation for the impact of vided a better quantitative assessment of the effect of
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smoking. Differences between smokers and nonsmokers
were most pronounced in the unabsorbed drug amount;
plasma concentration-time profiles were comparable be-
tween smokers and non-smokers (Figure 6), indicating
that while differences in the pulmonary PK may exist
they have a marginal influence on the plasma PK.
Another interesting finding of the covariate analysis
was the increased pulmonary bioavailable fraction in
females. Even though this covariate effect was removed
during the backwards elimination procedure, it is in
agreement with the literature suggesting a higher
pulmonary particle/droplet deposition in females [32,
33]. The lack of statistical significance of this covariate
may be due to the low number of females in the trial
population (15 females/133 males). This covariate phe-
nomenon might be an artifact of the stepwise model
development approach. The effect of being female on
systemic PK parameters could not be investigated during
the first step of model development as no IV PK data
were available from females. The same caveat would

apply when expanding the current PK model to patients
with asthma and COPD. For these patients, IV data are
not available and, consequently, identifying potential dif-
ferences in systemic drug disposition between patients
and healthy volunteers is not feasible.

To date, different pulmonary absorption processes
obtained by modelling have rarely been discussed. Based
on in vitro and ex vivo experiments, it might be physio-
logically plausible to associate different absorption pro-
cesses with different areas of the lung [34-36]. It has
been suggested that drug deposited in the alveolar
space is absorbed rapidly owing to a high perfusion of
the alveolar space, a large absorption surface area (100
m?), and a thin epithelial membrane [37]. On the other
hand, drug deposited in the conducting airways might
be absorbed slowly because of lower perfusion [38, 39]
and thicker epithelial membranes [40]. A comparison of
the simulated deposition patterns from a computational
fluid dynamics model [41] with different absorbed pro-
portions of inhaled olodaterol (PK model derived), did
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not support this hypothesis. Simulated pulmonary depo-
sition patterns after inhalation via the Respimat® inhaler
indicated higher peripheral lung deposition (approxi-
mately 65% of the pulmonary bioavailable fraction
deposited in airway generations 21 to alveoli [41]). It
should be acknowledged that these simulation-based
deposition patterns were predicted for tiotropium in-
haled via the Respimat® inhaler. Though slight differ-
ences in drug deposition between the olodaterol
formulation and the tiotropium formulation might exist,
the qualitative deposition trend should be comparable.
Hence, rapid absorption of a large proportion of drug is
expected based on the mechanisms described above.
This simulation-based assumption of a large rapidly
absorbed proportion was inconsistent with the esti-
mated large proportion (70%) that is slowly absorbed.
Additional aspects might need consideration when it
comes to understanding and subsequently predicting
plasma or pulmonary absorption kinetics.

Various hypotheses have been discussed to explain
the long-lasting activity of other inhaled B-sympatho-
mimetic drugs. However, little evidence is available to
support a pharmacokinetic-related reason for their
long-lasting efficacy [21]. For salmeterol, possible
explanations included the binding of the hydrophobic
tail to a second location of the B,-receptor (‘off-site’)
or diffusion into the lipid membranes of airway
smooth muscle cells [21]. These two hypotheses were
rejected for inhaled olodaterol based on in vitro assays.
It was demonstrated that a low receptor off-rate con-
stant (0.039/h) reasonably explains the long-lasting ef-
ficacy [21]. In the present population PK analysis, it
was additionally demonstrated that a long pulmonary
residence time might contribute to the long effect
duration.

A possible hypothesis to explain the different absorp-
tion half-lives of inhaled olodaterol, particularly the large
proportion that is slowly absorbed, is lysosomal trapping
in the lung. This microkinetic process has already been
discussed for other drugs (e.g. antidepressants [42] or
propranolol after IV administration [43]). These drugs
[42] were basic compounds like olodaterol. Propranolol,
for example, has a comparable chemical structure, similar
physicochemical characteristics, and pK, values to
olodaterol (pK,: 9.3, basic amine group, pK,: 10.1 acidic
phenolic group [21]). Basic molecules diffuse into the
lysosomes of lung cells, such as macrophages or endo-
thelial cells. Inside the lysosomes, lower pH results in pro-
tonation of basic molecules such as olodaterol,
increasing the polarity of the molecules and reducing
the backdiffusion of entrapped molecules from the lyso-
somes to the cytosol [44]. Such trapping could be a rea-
sonable explanation for the observed high pulmonary
residence time. It might also partly explain the discrep-
ancy in the absorption kinetics and the suggested
deposition patterns. Lysosomal trapping in the cells of
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the alveolar space might cause indirect olodaterol
absorption from the alveolar space to the plasma
(delayed by lysosomal trapping) parallel to direct absorp-
tion of drug from the alveolar space to the plasma.
Further in vitro assays or physiologically-based PK model-
ling will be necessary to evaluate the impact of lysosomal
trapping.

Irrespective of the underlying mechanism, the
prolonged pulmonary residence time of inhaled
olodaterol can be considered as an important kinetic
aspect that might contribute to its long-lasting effi-
cacy [21], and hence to the rationale of its once-daily reg-
imen. As both inhaled tiotropium [14] and inhaled
olodaterol exhibit comparable pulmonary absorption
characteristics and are both administered using the
Respimat®, they appear to be optimal partners for a
combination product.

Conclusions

The pulmonary and systemic PK of inhaled olodaterol in
healthy volunteers were investigated, applying a
model-based approach. A key finding was the long pul-
monary residence time of a high proportion of the pul-
monary bioavailable fraction. Three distinct pulmonary
absorption processes were identified which could not
plausibly be matched with anatomical regions of the
lung. Although lysosomal trapping in lung cells might
be a plausible explanation, this hypothesis needs to be
supported experimentally. Overall, the modelling and
simulation approach provided new insights into the PK
processes of inhaled olodaterol, and demonstrated that
further research is needed to elucidate the mechanistic
background and interpret the results of the modelling
approach.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Appendix S1

Extract of the NONMEM script of the population PK
model with three parallel absorption processes

Figure S1

Graphical illustration of investigated pulmonary absorp-
tion models. Absorption model showing (top) different
numbers of parallel absorption processes into the central
body compartment; (lower left) direct pulmonary ab-
sorption into the peripheral body compartment; (lower
middle) distribution into an additional hypothetical lung
tissue compartment before absorption into the central
body compartment; (lower right) transit absorption pro-
cesses (k. estimated as the same rate constant for two
absorption processes, n; and n,: estimated separately
or predefined); top middle (green title box): best pharma-
cokinetic model with three parallel absorption processes.
Blue boxes: systemic disposition compartments; green
boxes: pulmonary absorption compartments.



