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AIMS

Olodaterol is an orally inhaled B,-agonist for treatment of chronic obstructive pulmonary disease (COPD). The aims of this
population pharmacokinetic (PK) analysis were: (1) to investigate systemic PK and thereby make inferences about pulmonary PK
in asthmatic patients, COPD patients and healthy volunteers, and (2) to assess whether differences in pulmonary efficacy might be
expected based on pulmonary PK characteristics.

METHODS

Plasma and urine data after olodaterol inhalation were available from six clinical trials comprising 710 patients and healthy
volunteers (single and multiple dosing). To investigate the relevance of covariates, full fixed-effect modelling was applied based
on a previously developed healthy volunteer systemic disposition model.

RESULTS

A pulmonary model with three parallel absorption processes best described PK after inhalation in patients. The pulmonary
bioavailable fraction (PBIO) was 48.7% (46.1-51.3%, 95% confidence interval) in asthma, and 53.6% (51.1-56.2%) in COPD. In
asthma 87.2% (85.4-88.8%) of PBIO was slowly absorbed with an absorption half-life of 18.5 h (16.3-21.4 h), whereas in COPD
80.1% (78.0-82.2%) was absorbed with a half-life of 37.8 h (31.1-47.8 h). In healthy volunteers absorption was faster, with a
half-life of 18.5 h (16.3-21.4 h) of the slowest absorbed process, which characterized 74.6% (69.1-80.2%) of PBIO.

CONCLUSIONS

The modelling approach successfully described data after olodaterol inhalation in patients and healthy volunteers. Slow
pulmonary absorption was demonstrated both in asthma and COPD. Absorption characteristics after olodaterol inhalation
indicated even more beneficial lung targeting in patients compared to healthy volunteers.

WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
e Along pulmonary residence time was demonstrated in healthy volunteers that might contribute to the long-lasting pulmonary
efficacy of olodaterol inhaled with the Respimat® device.

© 2016 The British Pharmacological Society DOI:10.1111/bcp.12999
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e Altered airway characteristics in asthmatic and COPD patients can influence pulmonary pharmacokinetics and may thereby be

relevant for pulmonary efficacy of inhaled drugs.

WHAT THIS STUDY ADDS

e This is the first published pharmacokinetic-based analysis quantifying the pulmonary fate of inhaled olodaterol in asthmatic and

COPD patients.

e Slow absorption characteristics were demonstrated in asthmatic and COPD patients. An even more beneficial lung targeting in

patients is anticipated compared to healthy volunteers.

Introduction

Oral inhalation is the preferred route of drug administration
for the treatment of pulmonary diseases such as bronchial
asthma or chronic obstructive pulmonary disease (COPD)
[1, 2]. The rationale is a higher pulmonary efficacy and at
the same time lower systemic exposure leading to better
(systemic) safety profile compared to other routes of drug
administration (e.g., oral). These advantages result from the
drug being delivered directly to the effect site, i.e. the lungs,
by oral drug inhalation. Subsequently, drug deposited in the
lungs remains there until being absorbed to plasma or cleared
from the airways (e.g., by mucociliary clearance). This means
that both the amount of drug reaching the effect site and the
pulmonary residence time might affect drug efficacy and
safety [3-6].

For olodaterol, a once-daily inhaled B,-sympathomimetic
drug for maintenance treatment of COPD inhaled with the
Respimat® device, it was demonstrated by population
modelling of healthy volunteer PK data that a pulmonary
bioavailable fraction (PBIO) of approximately 50% of the nom-
inal dose was absorbed by three parallel absorption processes
(slow, intermediate and fast) [6]. The pulmonary absorption of
the highest proportion (~70%) of the PBIO was characterized
by an absorption half-life of 21.8 h, representing a long
pulmonary residence time. This, in addition to the slow recep-
tor off-kinetics of olodaterol [7], was regarded as contributing
to its long-lasting local pulmonary efficacy [6].

However, the quantified pulmonary PK characteristics for
inhaled olodaterol in healthy volunteers have not yet been
evaluated for patients. The latter have altered airway charac-
teristics such as narrowed airways in asthmatic and COPD pa-
tients [8] or an increased residual volume combined with a
smaller pulmonary surface area in COPD potentially caused
by emphysema [9]. As a result, altered pulmonary deposition
patterns and/or pulmonary PK properties were demonstrated
in patients [8]. Limitations of previous PK-based comparisons
between healthy volunteers and patients were the small
numbers of patients or the absence of data following intrave-
nous (IV) administration, so that analyses were performed
based solely on PK data after inhalation [10, 11]. However,
without available IV data, the pulmonary PK cannot be
evaluated independently from systemic drug disposition,
i.e. the pulmonary bioavailable fraction and the pulmonary
residence time cannot be determined.

Mathematical (pharmacometric) modelling can be
applied to draw conclusions about the pulmonary fate of
inhaled olodaterol in the target patient population by evalu-
ating PK data from multiple clinical trials following different
routes of administration (IV, inhalation, oral) [5, 6, 12-14].
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Furthermore, it is possible to investigate whether differences
in PK between patients and healthy volunteers can be attrib-
uted to subject-specific factors other than the underlying dis-
ease, such as age or smoking status [15]. Thus, the objective of
this population PK analysis was to establish whether or not
asthmatic or COPD patients demonstrate differing pulmo-
nary PK characteristics from healthy volunteers, and also to
evaluate whether differing drug efficacy in these subject
groups might be expected based on PK characteristics after
oral inhalation treatment with olodaterol.

Materials and methods

Data for PK model development

Olodaterol concentration data above the lower limit of quan-
titation (LLOQ) were available from a total of 6603 plasma
and 2382 urine samples. These plasma and urine data were
available from two Phase I (healthy volunteers) and four
Phase II (patients) clinical trials after drug inhalation for PK
model development and subsequent model evaluation. Over-
all, the clinical trials comprised one single dose (SD) and one
multiple dose (MD) trial in each of healthy volunteers, pa-
tients with asthma, and patients with COPD (see Figure 1).
In all clinical trials, olodaterol was inhaled as a solution via
multiple puffs with the Respimat® Soft Mist" inhaler.
Table 1 provides an overview of the trials and evaluated PK
data characteristics and the subject-specific factors. All trials
were approved by the respective independent ethics commit-
tees, and were conducted in accordance with the Declaration
of Helsinki and Good Clinical Practice guidelines. All healthy
volunteers and patients provided written informed consent
before trial inclusion. In-study validation at three nominal
concentrations in all clinical trials demonstrated assay accu-
racy (relative recovery from target concentrations) ranging
from 92.3% to 109.3% for plasma and 92.7% to 105.5% for
urine, imprecision (% CV) ranged from 1.7% to 9.9% for
plasma and 1.7% to 8.2% for urine. More specific details on
the trial design can be found under the ClinicalTrials.gov
identifiers: SD healthy volunteers, NCT02171780; MD
healthy volunteers, NCT02171806; SD patients with asthma,
NCT00928668; MD patients with asthma, NCT00467740; SD
patients with COPD, NCT01809262; MD patients with
COPD, NCT00452400.

Model development

Model development was performed using a stepwise ap-
proach. A previously developed systemic PK model based on
healthy volunteer IV data [6] was assumed to describe
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Figure 1

Observed data used for PK model development. Olodaterol plasma concentrations (upper panels) and cumulative amount excreted in urine (lower
panels). Left panels: concentration/amounts vs. time after the first oral olodaterol inhalation with the Respimat® Soft Mist™ inhaler, stratified by
population (healthy volunteers, patients with COPD and patients with asthma). Urine collection was restarted with every orally inhaled olodaterol dose.
Colour coding: Dose: @ 2 @ 2.5 ¢ 5 ¢ 10 @ 154 20 = 30 40 = 50 @ 60 e 70. Right panels: median dose-normalized concentration-time or
amount-time profiles after single dose (solid lines) and at steady state (dashed lines) for healthy volunteers (red lines), asthmatic patients (blue lines)
and COPD patients (green lines). For better graphical illustration, data from 24 h after the inhaled dose are not shown. At steady state for asthma and
COPD, only a single urine collection was performed, so that these amount-time profiles are missing. PK data in healthy volunteers were already published

[6], but are presented in the same manner to facilitate comparison with patients

systemic disposition kinetics as a reference for healthy
volunteers and patients. The relevance and potential limita-
tions of this assumption are debated in the Discussion
section. Hence, systemic olodaterol disposition PK and the as-
sociated between-subject variability (BSV) parameters were
fixed for model development. Gastrointestinal absorption of
swallowed drug was assumed to be negligible owing to low
oral systemic availability of olodaterol [6]. The second part
of the model, describing the pulmonary PK, was estimated
based on plasma and urine concentration data after oral
inhalation of olodaterol. Data below the LLOQ were not
evaluated. Urine data were used additionally to define the ter-
minal phase of olodaterol elimination, because it was found
previously that urine concentrations remained above the
LLOQ up to later time points than was the case for plasma [6].

Based on pooled PK data from all six clinical trials
(healthy, asthma and COPD), the PBIO was estimated on a
logit scale and was therefore constrained to lie between 0
and 1. In addition to three parallel pulmonary absorption
processes (healthy volunteer reference model), two parallel
and four parallel absorption processes were investigated as
alternative pulmonary absorption model structures.
Absorption processes were characterized by a first-order

absorption rate constant and a proportionality factor
(constrained between O and 1) to quantify the proportion
of the PBIO associated with the specific absorption process
(see Figure 2). The number of estimated proportionality
factors was n — 1, where n was the number of investigated
parallel absorption processes. The remaining proportion of
the last absorption process was calculated based on the other
proportions so that the sum of all n proportions was equal to
1 (see Figure 2).

The second step of model development was to investigate the
random effects model by stepwise inclusion of BSV components
on pulmonary PK parameters. Both variance and covariance
elements of the BSV parameter matrix were investigated and
evaluated. Afterwards, between-occasion variability (BOV) was
investigated on pulmonary PK parameters with BSV associated.

The last step of model development was the investigation
of covariate-parameter relations based on a full fixed-effects
modelling approach (FFEM) [16]. Covariate effects included
in the FFEM were preselected based on physiological plausi-
bility and comprised asthma and COPD as categorical covari-
ates (see listed covariate—parameter relations in Table 2 for
more details). Preselected covariate effects were investigated
on all PK parameters for which a BSV parameter was
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Table 1

Trial and baseline demographic characteristics of healthy volunteers, patients with asthma, and patients with COPD with PK data used for the pop-

ulation PK analysis

All

Single + multiple

Number of healthy volunteers/patients with PK data 710 (115 + 595)

Fraction of plasma PK data points 38.1
below the LLOQ (2 pg ml ), %

Fraction of urine PK data points below
the LLOQ (10 pg ml ), %

Smoking status
(non-smoker/ex-smoker/smoker), %

Age (median, range) [years] 53 (18-86)

Body weight (median, range) [kg]

Creatinine clearance [ml min"]T

36.6 /35.5/27.9

77 (42-157)

93.5 (39.2-271)

Healthy Asthma coPD

Single + multiple Single + multiple Single + multiple

101 (65 + 36) 271 (32 + 239) 338 (18 + 320)

57.4/17.8/24.8 74.5/20.7 / 4.80 0/52.7/47.3

34 (22-49) 43 (18-79) 64 (40-86)

81 (53-105) 75 (43-145) 77 (42-157)

116 (77.4-170) 100 (49.7-270) 78.9 (39.2-271)

*Time after dose for urine samples describe the end time of urine collections. FCreatinine clearance values were calculated according the Cockcroft-
Gault-equation [29]. BSA: body surface area; IV: intravenous; LLOQ: lower limit of quantification; PK: pharmacokinetics; TAD: time after dose [hh:

mm].

identified in the previous random-effects model develop-
ment. Covariate effects on logit scale PK parameters were
added to the transformed PK parameter, whereas covariate ef-
fects on other PK parameters (e.g., absorption rate constants)
were implemented as a fractional change (see model code in
the online supplementary material).

Starting with a FFEM that included all predefined
covariate-parameter relations (see Table 2), the number of
covariate-parameter relations was reduced in a subsequent
model reduction process. When the magnitude of a covariate
effect was small (<10% change in the specific PK parameter
for the extreme covariate values in all studied populations)
and the imprecision of a covariate-parameter relation esti-
mate was high (relative standard error larger than 50%, based
on the NONMEM variance-covariance matrix), the respec-
tive relationship was removed.

Model selection and evaluation for all steps was based on
numerical and graphical criteria. The numerical criteria com-
prised objective function value (OFV), significant digits of the
parameter estimates, relative standard errors based on the
NONMEM variance-covariance matrix, and condition
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number. The graphical goodness-of-fit (GOF) criteria comprised
visual predictive checks (VPC) and standard GOF plots. Model
development and simulations for VPC creation were performed
with NONMEM 7.2 (Icon Development Solutions, Ellicott City,
MD, USA) and PsN (Perl speaks NONMEM [17]). VPC visualiza-
tion and post processing were performed with R 3.0.3. [18].

Model-based simulations

The magnitude of the effects of covariates on PK characteris-
tics including model parameter imprecision was evaluated
in the form of model-based simulations. For this reason, the
influence of the identified covariates on PK metrics was
quantified. PK metrics comprised the maximum plasma con-
centration (C,,,y), area under the plasma concentration-time
curve (AUCpiusmq) and area under the unabsorbed amount—
time curve (AUCp,,,) after single dose (SD) and at steady state
(SS, assumed after 14 doses of 5 pg). From the full NONMEM
variance-covariance matrix, 1000 parameter sets were drawn
for each investigated covariate effect (e.g., 1000 smokers or
1000 Asians) and used as input to simulate the PK metrics.
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Population PK model developed based on pooled data from healthy volunteers, patients with asthma and patients with COPD. Dark grey com-
partments represent actual compartments of the model with mass transfer. The model can be separated into the systemic disposition model
(lower part, based on intravenous data of healthy volunteers), and the pulmonary absorption part (upper part, developed based on additional
inhalation data). Light grey compartments represent equations to calculate input to the absorption compartments. Black boxes display the sta-
tistically significant covariates. k,: absorption rate constant, PBIO: pulmonary bioavailable fraction, PF: proportionality factor

Besides the univariate investigation of covariates, a covariate
combination was investigated that accounted for all signifi-
cant covariate—parameter relations that increased PBIO and
influenced absorption half-lives. This was defined as the
“highest lung disposition” scenario. In a post-processing
step, simulated C,,,x and AUC metrics were normalized by
the respective median simulated PK metric for a standard
healthy volunteer (body surface area (BSA) of 1.89 m?, non-
smoker, Caucasian). To evaluate the magnitude of the covari-
ate effect, the 95% confidence interval (CI) of the normalized
ratios was calculated (two-sided).

To evaluate the magnitude of the identified covariate ef-
fects in the presence of overall (remaining unexplained) PK
variability, the developed PK model was applied for a second
model-based simulation. This simulation accounted for BSV
and BOV, but did not implement the imprecision of the esti-
mated parameters. From the full covariance matrix of random
effects for BSV and BOV (NONMEM OMEGA matrix), 1000
parameter sets were drawn for each investigated covariate,
as well as the above defined “highest lung disposition” sce-
nario. Based on these parameter sets, the above defined PK
metrics were simulated and compared to show (dis-)similarity
in PK due to the influence of disease and other covariates. All
simulations were performed in R 3.0.3 applying the deSolve
package [19].

Results

Data

Median plasma concentration-time profiles demonstrated
plasma accumulation after multiple dose inhalations both
in healthy volunteers and patients. For both these groups, a
high terminal half-life can be observed, causing low variabil-
ity (peak-to-trough) in plasma concentrations up to 24 h. In
comparison to healthy volunteers, both asthma and COPD
patients demonstrate slightly increased maximum plasma
concentrations and slightly higher trough plasma concentra-
tions at 24 h after multiple dose inhalations (see Figure 1).

Model development

By applying a population PK approach, it was demonstrated
that the PK data after olodaterol inhalation (healthy, asthma,
COPD) was best described by three parallel pulmonary absorp-
tion processes: fast, intermediate and slow (see Figure 2).
The PBIO was estimated to be 48.7% (46.1-51.3%, 95% CI)
of the nominal dose in patients with asthma and 53.6%
(51.1-56.2%) in patients with COPD. In asthmatic patients
87.2% (85.4-88.8%) of the PBIO was slowly absorbed with an
absorption half-life of 18.5 h (16.3-21.4 h), whereas in COPD
patients 80.1% (78.0-82.2%) of the PBIO was slowly absorbed
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Table 2

Investigated covariate-parameter relations including a short description of the (physiological) rational

PK parameter Covariate

(Physiological) rational + reference*

Proportionality factors
(characterizing the proportions
absorbed by a specific

absorption process) BSA

Age

Ethnicity (Caucasian, Asian, Black)

Sex (male, female)

Disease status (healthy, asthma, COPD)

Smoking status (non-smoker, ex-smoker, smoker) ¢ Enhanced airway responsiveness in smokers [38]

¢ Narrowed airways in asthmatic and COPD patients [9]
* Mucus plugging in patients [9]
¢ Different deposition patterns (more central in patients) [9]

e Increased airway and lung volumes in healthy
volunteers with higher BSA and different
inhalation patterns [36]

¢ Reduced rates of ventilation in elderly patients [37]

e Smaller lungs and smaller airways in Asians
were discussed to influence fluticasone furoate
PK after inhalation [42]

¢ Differences in regional pulmonary deposition patterns [41]

*The provided references present selected examples as rationale for investigating specific covariates on the PK parameters. Provided covariates were
only investigated to have an effect on PK parameters with between-subject variability associated, for example, if an absorption rate constant was not
characterized with variability in the base model, the listed covariates were not investigated on the specific absorption rate constant. BSA: body

surface area; PK: pharmacokinetic.

with an absorption half-life of 37.8 h (31.1-47.8 h). In compar-
ison, healthy volunteers had a PBIO of 48.7% (46.1-51.3%) and
a proportion of 74.6% (69.1-80.2%) was estimated to be slowly
absorbed with an absorption half-life of 18.5 h (16.3-21.4 h).
These re-estimated healthy volunteer PK parameters in this
analysis of combined data were in agreement with healthy vol-
unteer PK parameters estimated based only on PK data from
healthy volunteers: previous bioavailable fraction: 49.4%, pre-
vious proportion slowly absorbed: 70.1% [6]. All final parame-
ter estimates including the relative standard errors are given in
Table 3.

By applying a FFEM approach including model reduction,
four covariates were identified with statistically significant
influence on one or more of the four pulmonary PK parame-
ters (associated with BSV, see below): disease status, ethnicity,
smoking status and BSA (see also Figure 2, covariates
displayed in black boxes). The decrease in the OFV by includ-
ing the 11 covariate-parameter relations compared to the

744  Br| Clin Pharmacol (2016) 82 739-753

base model was substantial (approximately 215 points). The
underlying disease had a stronger impact on the absorption
characteristics (absorption rate constant, proportions
absorbed), other covariates had more pronounced impact
on the PBIO; e.g., it was estimated that healthy Asians had a
PBIO of 71.8%. A full list of the covariate parameter estimates
(and the relative standard errors) is given in Table 3. Some
covariate-parameter relations were quantified on the logit
scale and might be difficult to interpret based on the covariate
estimates alone. Hence, the resulting absorption characteris-
tics separated by covariate can be found in Table 4. Other in-
vestigated covariates effects, not listed in Table 4, were not
found to be statistically significant and only had a minor in-
fluence on estimated PK parameters (e.g., sex or age) and were
removed during the model reduction process.

Remaining (unexplained) BSV after covariate inclusion
was identified for four pulmonary PK parameters; (1) the
PBIO (25.2% coefficient of variation (CV)), (2) the
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Table 3

Estimated parameters for the developed model describing the PK after inhalation in healthy volunteers, patients with asthma, and patients with COPD

Parameter Abbreviation Unit Population estimate (%RSE) BSV, %CV (%RSE)

Pulmonary absorption model (reference healthy volunteer, non-smoker, Caucasian, BSA: 1.89 mz)
Slow absorption rate constant Kagsiow) [h _1] 0.0375 (6.91) 88.5 (4.85)
Intermediate absorption rate constant Ka(int) [h 71] 0.447 (3.65) —
Fast absorption rate constant Katast) [h 71] 2.41(12.1) 62.6 (6.09)
Pulmonary bioavailable Fraction PBIO [% ND] 48.7 (2.71) BSV:
25.2(7.88)
BOV:
37.0 (2.60)
First proportionality factor PF1 — 0.746 (3.79) 20.1 (4.76)
Second proportionality factor PF2 — 0.850 (0.691) —
Fraction slowly absorbed’ — [% PBIO] 74.6" —
Fraction intermediately absorbedt — [% PBIO] 21.6° —
Fraction fast absorbed’ — [% PBIO] 3.817 —

Residual variability model

Proportional residual variability (plasma) — [% CV] 23.3(0.562) —
Proportional residual variability (urine) — [% CV] 48.8 (0.909) —

*Covariates are represented in the form of the parameter estimates, which are implemented as described in the methods section. Transformed
pulmonary absorption characteristics for every covariate can be found in Table 4. fTransformed parameters derived from the model estimates.
$Value equal to PF1. §Calculated by (1 — PF1) « PF2. Calculated by (1 — PF1) « (1 — PF2), also see methods section. BSV: between-subject variability;
BOV: between-occasion variability; CV: coefficient of variation; ND: nominal dose (ex-mouthpiece); PBIO: pulmonary bioavailable fraction; RSE:
relative standard error.
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proportionality factor quantifying the slowly absorbed pro-
portion (20.1% CV), (3) the fast (62.6% CV), and (4) the slow
absorption rate constant (88.5% CV). BOV was identified for
the PBIO (37.0% CV).

VPCs stratified for disease status (healthy, asthma, COPD)
are shown in Figure S1, and standard GOF plots for plasma in
Figure S2 and for urine in Figure S3 of the online supplemen-
tary material. Both VPCs and GOF plots demonstrated overall
good model performance. The VPCs indicated that the me-
dian time profiles and the 2.5™ percentiles of the observed
data were well predicted. The 97.5" percentiles of both
plasma concentration and urine concentration-time profiles
were underpredicted in COPD patients. The good prediction
of both the median and lower percentile, but
underprediction of the upper percentile indicates that the
variability especially in COPD patients is not well captured.
However, additional (between-subject) variability terms
could not be adequately estimated based on the available
data. In addition, GOF plots indicated some outliers with
high conditional weighted or individual weighted residuals
(CWRES and IWRES). The NONMEM code of the developed
pulmonary PK model is provided in the online supplemen-
tary material.

Model-based simulations

A summary of the magnitude of all covariate influences on
Cinaxr AUCprasmq and AUCL,,, both after single dose and at
steady state, including model imprecision, is provided in
Table 5, and PK metrics at steady state including the 95% CI
are additionally visualized in Figure 3. C,,,,x was lower in pa-
tients compared to healthy volunteers; 32% lower after single
dose and 20% lower at steady state in patients with asthma,
and 24% lower and 8.5% lower for patients with COPD, re-
spectively. This was in disagreement with the observed me-
dian plasma concentration-time profiles (Figure 1). Higher
observed C,,,, in asthmatic and COPD patients can instead
be attributed to different subject-specific factors compared
to healthy volunteers; smoking, lower BSA, as well as Asian
or Black ethnicity increased the C,,,, both after single dose
and at steady state. As can be seen in Figure 3, Asian and Black
ethnicity also increased the AUCpugma,ss by 41% and 27%, re-
spectively compared to healthy Caucasians. A lower BSA
(1.49 m? relative to 1.89 mz) increased the AUCpu5ma,ss DY
17%, while a higher BSA (2.29 m?) conversely decreased the
AUCpiasma,ss by 17%. Compared to the standard healthy
volunteer, the AUCy,,qss was 13% higher in patients with
asthma and even 143% higher in patients with COPD.
Overall precision of the simulated PK metrics was character-
ized by CVs of less than 10%.

A comparison of individual C,ayss, AUCpiasma,ss and
AUC| g ss distributions (including BSV and BOV) between
patients and healthy volunteers with different subject-
specific factors is provided in Figure 4. Results after single
dose and the corresponding 95% confidence intervals of all
PK metrics are given in the online supplementary material.
The 95% confidence intervals for the C,uxss, AUCpiasima,ss
and AUCp,,gss in healthy volunteers ranged from 1.1 to
7.4pgml~", from 13 to 59 pgh ml™" and from 7.6 to 196 pg h,
respectively. The respective intervals for the “highest lung
disposition” scenario (COPD, BSA 1.49 m?, smoker, Asian)

ranged from 1.9 to 9.6 pg ml™!, from 26 to 74 pg h ml™"
and from 45-640 pg h. The highest numerical difference be-
tween the standard healthy volunteer and the “highest lung
disposition” scenario was an increase in AUCL,,gss by 366%
(calculated based on the median), followed by a 57% increase
in AUCpiasma,ss and a 56% increase in C,,4y ss. These results in-
dicate that a change in pulmonary PK after drug inhalation in
patient populations can translate into smaller changes in sys-
temic PK.

Discussion

Based on a population PK approach and a large amount of PK
data, the systemic and pulmonary PK of olodaterol in patients
with asthma or COPD were successfully quantified and com-
pared to each other as well as to healthy volunteers. The PBIO
after oral olodaterol inhalation with the Respimat® device
was comparable between all three populations of interest
(asthma, COPD, healthy volunteers). Only a 10% relative dif-
ference was demonstrated between healthy volunteers and
COPD patients. There was no significant difference in the
PBIO between healthy volunteers and asthmatic patients. In
comparison, the bioavailability after nedocromil inhalation
with a pressurized metered dose inhaler (pMDI) was reduced
by approximately 40% in patients with asthma compared to
healthy volunteers [20] and after inhalation of fluticasone
propionate with a pMDI the difference was even more
pronounced with more than 50% lower bioavailability in
patients with asthma [10]. A higher centrally deposited frac-
tion of particles in patients compared to healthy volunteers
[8, 21] combined with a faster mucociliary clearance of non-
dissolved particles in the central conducting airways
compared to the peripheral airways [21-23] was discussed as
an explanation for the reduced bioavailability of fluticasone
propionate. In contrast to fluticasone propionate, olodaterol
is inhaled in the form of a solution and therefore the influ-
ence of the mucociliary clearance on the (pulmonary) bio-
availability is expected to be negligible. Based on a
comparable PBIO between healthy volunteers, patients with
asthma and patients with COPD, it can be concluded for
olodaterol inhaled with the Respimat® that a comparable
fraction of the nominal dose is being absorbed to lung tissue,
which represents the effect site for inhaled B,-sympathomi-
metic drugs [24, 25].

Overall, slow absorption kinetics were demonstrated for
patients with asthma and patients with COPD, and only a
small proportion was fast absorbed. In patients with
COPD, 80.1% of PBIO was absorbed with an absorption
half-life of approximately 38 h, which was roughly twice
the absorption half-life of 18.5 h estimated for healthy
volunteers and asthmatic patients. In patients with
asthma, a higher proportion of 87.5% was slowly absorbed;
the slow absorption half-life was in agreement with the
estimate in healthy volunteers (no significant difference).
As a consequence of the different absorption half-lives
and despite comparable PBIO, the simulated AUCs,gss
were approximately 13% and 143% higher in asthmatic
and COPD patients at steady state compared to healthy
volunteers, respectively.
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PK metrics at steady state (left: Cyqy, middle: AUCpigsma, right: AUC,,,g), including overall model imprecision after oral olodaterol inhalation. Pre-
sented metrics are normalized to the median PK metric of standard healthy volunteer (BSA: 1.89 m?, non-smoker, Caucasian). Points: normalized
median PK metrics, lines: normalized 95% confidence intervals. AUCpjgsmq: area under the plasma concentration—time profile at steady-state (0-
24 h after inhalation, n = 14 doses), AUC,,g: Area under the unabsorbed amount-time profile at steady-state (0-24 h after inhalation, n = 14),
BSA: body surface area, “highest lung disposition scenario”: COPD, BSA 1.49 m?, smoker, and Asian
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Box-and-whisker plots of simulation-based pharmacokinetic metrics at steady state (14 once-daily inhaled doses of 5 ug, n= 1000 for each covar-
iate). Simulations were performed with the developed PK model and accounted for between-subject and between-occasion variability. Left plot:
maximum plasma concentration; middle plot: area under the curve of the plasma concentration-time profile; right plot: area under the curve of
the unabsorbed drug amount-time profile; thick black line: median; lower and top border of the boxes: 25t percentile and 755 percentile; lower
and upper end of the whisker: lowest and highest value within the range of the median +1.5 times the interquartile range; points: PK metrics out-

side the whisker range

Differences in the pulmonary PK between patients and
healthy volunteers might be explained based on different air-
way characteristics between patients and healthy volunteers
(see Table 2), such as inflammatory processes in patients that
can cause damage to the epithelial airway barriers [26]. Differ-
ing proportions absorbed (e.g., higher proportion slowly
absorbed in asthmatic patients) might be the result of differ-
ing pulmonary deposition patterns in patients and healthy
volunteers [8]. However, even for healthy volunteers it was
not possible to quantitatively associate the different pulmo-
nary absorbed proportions of inhaled olodaterol to pulmo-
nary deposition patterns [6]. Thus, for patients this

association might be even more challenging. However, quali-
tatively a higher slowly absorbed proportion of olodaterol in
patients is in agreement with a more central pulmonary
deposition pattern in patients compared to healthy volun-
teers [8].

When comparing different subpopulations, as in this case
patients and healthy volunteers, it is also important to con-
sider demographical differences; asthmatic patients had a
lower BSA and were older (see Table 1). In contrast to healthy
volunteers, COPD patients comprised a higher fraction of
smokers, were older and therefore had potentially a lower cre-
atinine clearance (based on the Cockcroft-Gault equation
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[27]). The range of patient demographic values was higher in
patients compared to healthy volunteers. In addition,
healthy volunteers comprised only Caucasians, whereas
Asian and Black asthmatic and COPD patients were included
in the dataset. Based on these demographical differences,
differences in PK between asthma, COPD and healthy
volunteers, such as a higher C,,,, or a higher exposure in
patients can also be attributed to other covariate effects such
as smoking or differing BSA.

In contrast to healthy volunteers, no IV PK data in asth-
matic or COPD patients were available for development of
the systemic PK disposition model. Therefore, the systemic
disposition was assumed to be comparable between patients
and healthy volunteers. Applying the same systemic PK
disposition model appeared to be a reasonable assumption
based on the following considerations: (1) neither IV nor
inhalation PK data indicated an influence of age or creatinine
clearance on any systemic or pulmonary disposition parame-
ter; (2) renal elimination accounted for only 14.2% of
olodaterol clearance based on modelling results [6]; and (3)
it was demonstrated that a decrease in renal or hepatic func-
tion has only a small influence on the systemic PK of
olodaterol [28]. However, covariate—-parameter relations that
could not be adequately investigated based on IV PK data
might be misinterpreted; for example, the influence of
ethnicity on pulmonary PK parameters might be an artefact
due to an unknown confounding covariate-parameter
relationship in the systemic disposition model.

Performing simulations accounting for BSV and BOV
demonstrated that covariate effects on pulmonary PK param-
eters impact C,,qx, AUCpiasma and AUC,,,, (see Figure 4). In
comparison to the overall variability which can be attributed
to (unexplained) BSV and BOV, the explained variability by
covariate-PK parameter relations was lower (see Figure 4).
The finding that BOV is higher in BSV was in agreement with
results from Borgstrom et al. who demonstrated a higher lung
deposition variability within patients compared to between
patients (for a dry powder inhaler) [4]. Unexplained
between-subject (pulmonary) PK variability can depend,
e.g., on individual mouth-throat geometries [29], individual
airway diameters [30], or other individual airway characteris-
tics. BOV can depend, e.g., on the inhalation patterns [31] or
the patient performance in handling the device, which can
vary for each drug inhalation [4]. However, individual
mouth-throat/airway geometries and inhalation patterns
were not available. Thus, the influence of these characteris-
tics on the pulmonary and systemic PK remains to be
quantified.

Given remaining overall (pulmonary) PK variability, even
the statistically significant covariate—parameter relations
have to be evaluated in this context. The influence of covari-
ates on the pulmonary fate was of a larger magnitude
compared to the influence on systemic exposure, indicating
comparable systemic safety profiles in patients and healthy
volunteers. Furthermore, this results in a 13.1% and 126%
higher ratio of AUCy,gss t0 AUCpiasma,ss in patients with
asthma and COPD, respectively, compared to healthy
volunteers (comparison between unabsorbed amount and
concentrations). These higher lung-to-systemic ratios
indicate a more beneficial pulmonary targeting in patients
in general and especially in COPD. Based on the performed
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PK investigations, the typical healthy volunteer would have
the lowest therapeutic ratio, whereas all significant covariates
either increase the therapeutic ratio or can be considered neu-
tral. Thus, based on the AUC,;¢ss t0 AUCpjgema,ss Iatios, a
healthy volunteer can be considered as a worst case scenario.
However, directly linking pulmonary unabsorbed drug
amounts to pulmonary PD might represent a marked simpli-
fication, because the drug amount unabsorbed does not
necessarily represent free drug concentrations, which might
be more relevant for pulmonary efficacy. The relationship
between unabsorbed amount and free pulmonary olodaterol
concentrations or pulmonary p,-receptor occupancy
therefore remains to be further investigated, e.g. by in vitro
assays [32].

The demonstrated long pulmonary residence time for
olodaterol was previously proposed for another long-acting
inhaled B,-sympathomimetic drug (AZD3199) to result in a
higher therapeutic index compared to formoterol [33]. In
comparison to olodaterol with a log D of 1.2 at pH 7.4 [7],
AZD3199 represents a more lipophilic drug with a log P of
6.0 [34] and is even more lipophilic than inhaled corticoste-
roids (fluticasone propionate has a log P of 3.89 [35]). Due
to slow dissolution kinetics for lipophilic inhaled corticoste-
roids, the fraction of drug cleared from the lungs by the
mucociliary clearance was proposed to be high, especially in
patients (see above). However, this can be excluded for
olodaterol as it is inhaled in the form of a solution and the
pulmonary bioavailable fractions were comparable for pa-
tients and healthy volunteers. Consequently, the demon-
strated long pulmonary retention of olodaterol was not
dissolution-related, potentially causing the low influence of
the pulmonary disease on the drug amount being absorbed
to the target lung tissue. This might provide a substantial
benefit over slowly dissolving dry powder formulations. In
conclusion, previous proposals that the long pulmonary
retention of inhaled olodaterol might contribute to its long-
lasting efficacy can be considered as representative for
patients with pulmonary diseases.

Conclusion

By applying a population PK approach, it was demonstrated
for olodaterol administered with the Respimat® that asthma
and COPD only had a minor influence on the PBIO, with
values ranging from 48.7% for healthy volunteers and
patients with asthma to 53.6% for patients with COPD. Long
pulmonary residence times were demonstrated for a large
proportion of the PBIO both in patients with asthma
(87.2% with t;,, of 18.5 h) and with COPD (80.1% with t;/»
of 37.8 h). This long pulmonary residence time can be consid-
ered beneficial for efficient lung targeting and a long drug
efficacy in patients.
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Figure S1 Dose-normalized visual predictive checks (VPC) to
evaluate model performance, separated by healthy volun-
teers, patients with asthma and patients with COPD. Binning
was performed by number of data points per bin (before re-
moval of concentrations below the LLOQ). Top: semi-loga-
rithmic VPC for plasma concentrations plotted vs. time after
dose; middle: VPC for plasma concentrations below the
LLOQ plotted vs. time after dose; bottom: semi-logarithmic
VPC for cumulative amount of olodaterol excreted into urine
plotted vs. time after dose. Orange line: median of the ob-
served data; blue dashed lines: 2.5™ and 97.5™ percentiles
of the observed data; orange shaded boxes: 95% confidence
interval around the median of the specific simulated data
bin; blue shaded boxes: 95% confidence interval around the
2.5"™and 97.5™ percentile of the specific simulated data bins;
grey points: measured concentrations/amounts; white filled
points: 2.5"/median/97.5™ percentile of the observed data
at the median time point after dose of the specific bins. An ad-
ditional VPC representing the plasma concentration-time
profile from 0-12 after olodaterol inhalation can be found in
Figure S4 of the online supplementary material

Figure S2 Standard goodness-of-fit plots for plasma PK data
after olodaterol inhalation including a colour coding for
healthy volunteers, patients with COPD and patients with
asthma. Top left: logarithmic plot of olodaterol observations
plotted vs. predictions; top right: logarithmic plot of observa-
tions plotted vs. individual predictions (both plots: predic-
tions below the LLOQ have been removed); bottom left:
semi-logarithmic plot of absolute individual weighted resid-
uals plotted vs. individual predictions; bottom right: semi-
logarithmic plot of conditional weighted residuals plotted
vs. time after last dose. Black lines (upper plots): lines of iden-
tity; thin black lines: lower limit of quantification

Figure S3 Standard goodness-of-fit plots for urine data after
olodaterol inhalation including a colour coding for healthy
volunteers, patients with COPD and patients with asthma.
Top left: logarithmic plot of olodaterol observations plotted
vs. predictions, top right: logarithmic plot of observations
plotted vs. individual predictions (both plots: predictions be-
low the LLOQ have been removed); bottom left: semi-loga-
rithmic plot of absolute individual weighted residuals
plotted vs. individual predictions; bottom right: semi-loga-
rithmic plot of conditional weighted residuals plotted vs.
time after last dose. Black lines (upper plots): lines of identity;
thin black lines: lower limit of quantification

Figure S4 Dose-normalized visual predictive checks (VPC) to
evaluate model performance for healthy volunteers up to
24 h after olodaterol inhalation. Binning was performed by


http://onlinelibrary.wiley.com/doi/10.1111/bcp.12999/suppinfo
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number of data points per bin (before removal of concentra-
tions below the LLOQ). Top: semi-logarithmic VPC for
plasma concentrations plotted vs. time after dose; middle:
VPC for plasma concentrations below the LLOQ plotted vs.
time after dose; bottom: semi-logarithmic VPC for cumula-
tive amount of olodaterol excreted into urine plotted vs. time
after dose. Orange line: median of the observed data; blue
dashed lines: 2.5™ and 97.5™ percentiles of the observed
data; orange shaded boxes: 95% confidence interval around
the median of the specific simulated data bin; blue shaded

boxes: 95% confidence interval around the 2.5™ and 97.5™
percentile of the specific simulated data bins; grey points:
measured concentrations/amounts; white filled points:
2.5"™/median/97.5" percentile of the observed data at the
median time point after dose of the specific bins

Table S1 Influence of covariate effects on Cpax, AUCplasma
and AUC| g including between subject and between occa-
sion variability after single dose and at steady state (assumed
after 14 inhaled doses of 5 pg) including the 95% confidence
interval (n = 1000 simulations per scenario)
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