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A B S T R A C T

Dry powder inhalers containing the budesonide/formoterol combination have currently a well-established po-
sition among other inhaled products. Even though their efficacy mainly depends on the local concentrations of
the drug they deliver within the lungs, their safety profile is directly related to their total systemic exposure. The
aim of the present investigation was to explore the absorption and disposition kinetics of the budesonide/for-
moterol combination delivered via two different dry powder inhalers in asthma patients. Plasma con-
centration–time data were obtained from a single-dose, crossover bioequivalence study in asthma patients. Non-
compartmental and population compartmental approaches were applied to the available datasets. The non-
compartmental analysis allowed for an initial characterization of the primary pharmacokinetic (PK) parameters
of the two inhaled drugs and subsequently the bioequivalence assessment of the two different dry powder in-
halers. The population pharmacokinetic analysis further explored the complex absorption and disposition
characteristics of the two drugs. In case of inhaled FOR, a five-compartment PK model including an en-
terohepatic re-circulation process was developed. For inhaled BUD, the incorporation of two parallel first-order
absorption rate constants (fast and slow) for lung absorption in a two-compartment PK model emphasized the
importance of pulmonary anatomical features and underlying physiological processes during model develop-
ment. The role of potential covariates on the variability of the PK parameters was also investigated.

1. Introduction

Inhalation therapy is widely used in the treatment of asthma, as it
allows the delivery of relatively small doses of drugs directly to the site
of action, achieving high local concentrations, whilst at the same time
minimizing systemic adverse effects [1]. Fixed combination inhalers,
including dry powder inhalers (DPIs) and pressurized metered dose
inhalers (pMDIs), containing both an inhaled corticosteroid and a β2-
adrenergic agonist have currently gained an established position among
the recommended treatment options of asthma. In particular, DPIs
containing the budesonide (BUD)/formoterol (FOR) combination, have
played a central role in the management of moderate-to-severe asthma
and other pulmonary diseases. Numerous randomized, double-blind
clinical studies have shown this inhaled combination to be more

effective than each drug alone in improving airway function, control-
ling asthma symptoms, and reducing the risk of exacerbations; thus,
providing a favorable therapeutic ratio compared to other treatment
options [2,3].

Budesonide, is one of the most commonly used inhaled corticos-
teroids, with a proven efficacy record and a well-known safety profile.
It acts by decreasing airway hyper-responsiveness and the number of
inflammatory cells and mediators present in the airways of patients
with asthma, treating not only the symptoms of asthma, but also the
underlying cause of the disease [4]. The safety and efficacy profiles of
inhaled BUD reflect the associated pharmacokinetic (PK) and pharma-
codynamic properties [5]. In the literature there are studies that de-
scribe the BUD plasma levels after inhaled administration [6], however,
relatively few studies have identified its pulmonary absorption and
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systemic disposition characteristics. Inhaled budesonide reaches the
systemic circulation either by direct absorption through the lungs or via
gastrointestinal (GI) absorption of the drug that is inadvertently swal-
lowed. Since BUD is a moderately lipophilic compound, it undergoes
rapid uptake into the airway mucosa [7], while evidence suggests that
fatty acid conjugates of the drug are formed and retained within the
lung on inhalation, providing a slow-release depot of free drug [8]. This
reversible esterification process has been shown to prolong the anti-
inflammatory activity of BUD, allowing for a once-daily treatment re-
gimen [4].

Formoterol is a highly potent, selective β2-adrenoceptor agonist,
with a rapid onset and prolonged duration of bronchodilatory action.
Following inhalation, the drug causes relaxation of the bronchial
smooth muscles and pulmonary artery vasodilation, improves airway
muscle function, and increases mucus clearance [3]. A significant
bronchodilatory effect is already detected at 1 min after inhalation of a
therapeutic dose which persists for at least 12 h. Formoterol has a
predictable adverse event profile, including headache, tremor, palpi-
tations, and decreased serum potassium, which is directly related to its
total systemic exposure [9]. The drug has been shown to demonstrate
complex absorption and distribution characteristics, i.e., absorption
from different sites, enterohepatic recirculation, etc. [9]. However, its
systemic time course following inhalation has not been adequately
described, due to the very low (in the level of pg/mL) concentrations
reached following inhalation of therapeutic doses, and PK data of for-
moterol in plasma or blood of humans are sparse in the literature
[6,9,10].

The aim of the present investigation was, therefore, to explore the
absorption and disposition kinetics of the BUD/FOR inhaled combina-
tion delivered via the single-dose DPI Pulmoton® Elpenhaler® (400/12
μg/inhalation, ELPEN Pharmaceuticals) compared with the multi-dose
DPI Symbicort® Turbuhaler® (400/12 μg/inhalation, AstraZeneca) in
asthma male and female patients. For this purpose, concentration (C) -
time (t) data, obtained from a bioequivalence (BE) study with the two
dry powder inhalers, were analyzed using non-compartmental and
population compartmental approaches. The non-compartmental ana-
lysis was implemented for the initial characterization of the rate and
extent of systemic exposure of inhaled BUD and FOR. Nevertheless, the
main goal of this study was to apply population PK modeling in order to
investigate the complex absorption and disposition characteristics of
the two drugs following inhalation, as well as to determine the role of
potential covariates on the variability of PK parameters. The description
of pharmacokinetics of inhaled drugs is much more complicated than
that of other routes of administration, as it requires the development of
relatively simple mathematical schemes that can adequately represent
the complex underlying physiologic processes following inhalation.

2. Materials and methods

2.1. Study design and volunteers

Plasma C-t data of budesonide and formoterol were obtained from a
single-dose, two-sequence, two-period, crossover 2x2 BE study using
two fix combination dry powder inhalers: Symbicort® Turbuhaler®

(Budesonide/Formoterol 400/12 mcg/inhalation, AstraZeneca) and
Pulmoton® Elpenhaler® (Budesonide/Formoterol 400/12 mcg/inhala-
tion, ELPEN Pharmaceuticals), under fasting conditions. The study was
performed in controlled and partly controlled asthma patients, while
activated charcoal was co-administered, with a certain scheme, in order
to prevent absorption of the two drugs from the gastrointestinal tract. A
washout period of 6 days was set between the two treatment periods, in
order to ensure the complete removal of the drugs from the body and
prevent any carry-over effect during the second study period. The study
was in compliance with the ICH E6 Good Clinical Practice Guidance and
was conducted according to the principles of Helsinki Declaration. It
was approved by the Romanian National Ethics Committee (approval

no: 1478;2050;2158 dated 7 July 2011) and the competent regulatory
authorities (approval no: 25340E dated 11 July 2011). The trial was
registered to the European Union Drug Regulating Authorities Clinical
Trials database (Eudra CT No: 2011-000614-19).

One hundred controlled or partly controlled asthma patients, ac-
cording to the Global Initiative for Asthma (GINA) 2009 classification
of Level Asthma Control [11], with mild to moderate exacerbations at
medical history, were enrolled in the study. All subjects were informed
about the purpose and potential risks of the study, and a written con-
sent form was obtained by each study participant before enrollment.
Male and female patients were considered eligible for inclusion in the
study, if they met the following criteria: age between 18 and 65 years,
body mass index (BMI) within 18.5–30 kg/m2, no intolerance or hy-
persensitivity to study drugs, lactose or other milk proteins, absence of
cardiovascular or other than respiratory disease, non-pregnant and non-
lactating women. In subjects qualified for regular controller asthma
therapy, normal asthma therapy was kept constant throughout the en-
tire study period, except if they had been treated with the study drug
combination. In the latter case, patients had to switch to an equivalent
treatment at least 1 week before the initiation of the study. All parti-
cipants had to be medication-free for at least 12 h and salbutamol-free
for 6 h before study initiation. Patients were excluded from the study if
they had poor asthma control and frequent exacerbations in the past
year, participation in another clinical trial in the last three months,
hospitalization or donation of ≥450 mL of blood within two months
prior to study initiation, upper respiratory tract infection or history of
other relevant pulmonary disease, renal or hepatic insufficiency, posi-
tive AIDS or hepatitis B/C tests results, and alcohol or drug abuse. Vital
signs measurements and clinical examinations were performed before
and after the study drugs administration in each study period, and all
reported adverse effects were recorded and evaluated.

On the treatment days, after at least 8 h of fasting, each subject
received either one dose of Pulmoton® Elpenhaler® 400/12 mcg/in-
halation (“PULMO”, test formulation) or one dose of Symbicort®

Turbuhaler® 400/12 mcg/inhalation (“SYMBI”, reference formulation),
according to the randomization scheme. An activated charcoal scheme
was administered 2 min pre-dosing, and at 2 min, 1, 2 and 3 h post-dose
in order to block any absorption from the gastrointestinal tract. Blood
samples (of 6 mL) were collected before drug administration (time 0)
and at 1, 3, 5, 10, 15, 30, 45 min and 1, 1.33, 1.67, 2, 2.33, 2.67, 3, 4, 5,
6, 8, 12, 16, 24, 36, and 48 h post-dose. Following the six days of
washout period, patients received the alternate formulation and the
same procedures were followed, as in the first study period.

2.2. Assay methodology

The quantification of FOR was performed in all the collected plasma
samples up to 48 h post-dose, whereas BUD plasma concentrations were
determined up to 24 h. Two separate Liquid Chromatography/Mass
Spectrometry (LC-MS/MS) methods were developed and applied for the
analysis of each drug which were firstly presented in a previous study
[6]. Both analytical techniques were validated and presented adequate
sensitivity, precision, accuracy, specificity, and linearity. The lower
limits of quantification were 5.000 pg/mL for BUD and 0.300 pg/mL for
FOR [6].

2.3. Pharmacokinetic analysis

2.3.1. Non-compartmental pharmacokinetic analysis
Budesonide and formoterol C-t data were, initially, analyzed using

non-compartmental methods and the following PK parameters were
calculated: the area under the concentration-time curve from time zero
to the last quantifiable sample (AUCt) using the linear trapezoidal rule,
the first recorded maximum plasma concentration value (Cmax), the
time at which Cmax occurs (Tmax), and the area under the C-t curve from
time zero extrapolated to infinity (AUCinf). Descriptive statistics were
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also calculated for these PK parameters.
Bioequivalence assessment was also performed on the primary PK

parameters (AUCt and Cmax) following the current methodology pro-
posed by the European Medicines Agency [12]. The ninety percent
confidence intervals (90% CI) around the geometric mean ratios (GMR)
of T over R formulation (T/R) were constructed. The two inhalers were
considered bioequivalent if the 90% CIs for the log-transformed values
of both AUCt and Cmax were lying within the pre-determined equiva-
lence range of 80–125% for both active agents [12]. The entire analysis
was implemented in WinNonlin® v.5.0.1 (Pharsight Corp, Menlo Park,
CA).

2.3.2. Population pharmacokinetic analysis
Data for both drugs were further analyzed using a compartmental

population PK methodology. A non-linear mixed effects model ap-
proach was applied separately for each drug and the entire computa-
tional work has been implemented in Monolix® 2016R1 software
(Lixoft, Orsay France). Since in the present study the C-t data derived
from a crossover BE study, data for each drug obtained from the dif-
ferent treatment periods and administered products (PULMO and
SYMBI) were pooled together setting ‘period’ and ‘treatment’ effects as
potential covariates in the final dataset. Similar methodologies in the
treatment of data and population analysis have been suggested in
previous published works [13–15]. Finally, a dose of 320 mcg instead of
400 mcg was considered for BUD and 9mcg instead of 12mcg for FOR.
The latter correction was in accordance with the relevant drug products
information, since these two doses (i.e., 320 mcg and 9 mcg) are the
actually delivered doses through the mouthpiece during inhalation
[16].

Initially, the analysis focused on the selection of the most appro-
priate structural model for each drug and thus, typical one-, two-, and
three-compartment models with different drug input kinetics were in-
vestigated. However, since both drugs (BUD and FOR) exhibited rather
complex PK profiles following inhaled administration, conventional
models were proven inadequate to describe the kinetics of the two
drugs and structural models of increasing complexity had to be con-
structed. The developed models were encoded through an ordinary
differential equation (ODE) system in the model translator MLXTRAN
of Monolix® software.

In particular, in the case of FOR a small plateau or a second lower
peak was observed at around 4 h post-dose in the majority of C-t pro-
files. Since an activated charcoal scheme was administered up to 3 h in
the present study, gastrointestinal absorption of the swallowed part of
the inhaled dose was excluded, and the observed second peak was at-
tributed to an enterohepatic circulation (EHC) process, known to occur
in the case of FOR. For this reason, PK models capable of describing this
re-distribution process within the body were developed. Different sce-
narios were tested, including multi-compartment models with bile and
GI compartments, addition of an enterohepatic loop using bolus, first-
or zero-order kinetics between compartments, sine function models for
gallbladder emptying control providing oscillatory enterohepatic cir-
culation, different lag time periods for gallbladder emptying, presence
or absence of fecal elimination, etc. Absorption from the lungs, as well
as elimination from the central and/or GI compartments were assumed
to follow first-order kinetics.

Similarly, BUD also required the development of a more complex PK
model, in order to describe its multiphasic lung absorption character-
istics. The choice of two parallel lung absorption processes for BUD has
been also previously suggested by Weber and Hochhaus [17]. A parallel
fast and slow pulmonary absorption process was, therefore, in-
corporated in the PK model. Single- or double-input processes, pul-
monary depot sub-compartments, transit absorption compartment
models with first- and zero-order rate constants, Erlang-type transit
compartments, and time-dependent absorption were also evaluated.
Accordingly, oral absorption was excluded due to the co-administration
of the activated charcoal scheme. One-, two-, and three-compartment

models, were investigated for the distribution kinetics of BUD. In all
cases, elimination was considered to take place in the central com-
partment and follow first-order kinetics.

The between-subject variability (BSV) was assumed to follow log-
normal distribution for all PK parameters of FOR. In case of BUD, in
addition to log-normal distribution, a logit-transformation was also
implemented in certain PK parameters constrained to be on a zero to
one scale. The variability in PK parameters between the different study
periods (‘‘inter-occasion variability’’ or ‘‘IOV’’) was also evaluated,
while the possibility of correlation between the random effects of the
PK parameters was also assessed. Various statistical models (constant,
proportional, exponential, and combined) describing the random re-
sidual variability of the structural models were considered.

Following the determination of the best structural model for each
drug, various covariates were tested for their contribution in the model,
including: body weight, gender, age, height, body mass index (BMI),
asthma disease state, and baseline FEV1 (forced expiratory volume
exhaled in 1 s) measurements. Allometric scaling with body weight as
the size descriptor and fixed exponents (1 for the volume of distribution
and 0.75 for clearance) was also assessed. The effects of the adminis-
tered DPI formulations (‘treatment’) and the treatment period (‘occa-
sion’) were also assessed as potential covariates. In all cases, the con-
tinuous covariates were examined either untransformed or centered
around their ‘mean’ value. A combination of forward addition and
backward elimination methods was implemented for the investigation
of all potential covariates, and the effect of each covariate on reducing
the numerical selection criteria, the between-subject-variability (BSV)
of the PK parameters and the obtained p value were evaluated.

Candidate models for BUD and FOR were assessed in terms of model
statistics and numerical criteria, as well as visual inspection of good-
ness-of-fit plots and simulation-based diagnostics. PK parameter esti-
mates were required to be physiologically plausible and had to remain
stable when significant digits and initial parameter estimates were al-
tered. With respect to the visual inspection, (a) the adequacy of fitting
of the model predicted estimates to the actual C-t data was evaluated
for each model, (b) individual and population predicted plasma con-
centrations were directly compared to the observed data, (c) the
amount of bias was assessed by plotting the individual weighted re-
siduals (IWRES) versus the individual predicted (IPRED) concentrations,
and (d) distributions of random effects were compared to the theore-
tical normal. The ability of the model to simulate data in line with the
observed data was finally assessed with visual predictive check (VPC)
plots.

3. Results

Finally, 90 subjects were included in the non-compartmental and
population PK analyses since ten volunteers withdrew from the study. A
number of 59% of the enrolled subjects had controlled asthma. Three
subjects were considered as dropouts referring to positive pregnancy
test results and seven patients presented very low or undetectable
plasma drug levels in the majority of their samples. The demographic
characteristics of the enrolled subjects along with their descriptive
statistics are listed in Table 1. Forty-three non-serious adverse events
(headache, vomiting and dizziness) were recorded in the study: 32 of
moderate and 11 of mild intensity were equally distributed between the
two treatments [6]. No deaths or any other significant adverse events
were recorded and all volunteers completely recovered before the ter-
mination of the study.

3.1. Non-compartmental pharmacokinetic analysis

The observed mean plasma concentrations of FOR and BUD versus
time, following a single inhaled dose from PULMO and SYMBI, are
presented in Fig. 1A and B, respectively. Despite the increased varia-
bility following inhaled administration, quite similar drug C-t profiles
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were obtained for the two DPI products.
The calculated mean PK parameters (i.e. AUCt, AUCinf, Cmax, Tmax,

and λz) accompanied by their statistical descriptive criteria are sum-
marized in Table 2 for FOR and Table 3for BUD. Comparable values
between the two tested formulations were obtained for Cmax, AUCt and
AUCinf for both drugs. The derived CV% values ranged from 25.6 to
47.9% for the estimated PK parameters of FOR and from 37.9 to 64.5%
for PK parameters of BUD (Tables 2 and 3).

The primary PK parameters, Cmax and AUCt, for BUD and FOR were
further analyzed following the BE assessment methodology of the EMA
guideline [12]. For both drugs, the percent GMRs of Cmax and AUCt

estimates, along with the 90% CIs are within the acceptance range of
80–125%, indicating that the two products are bioequivalent (Tables
A1 and A2 in the Appendix).

3.2. Population pharmacokinetic analysis

In total, 180 (=2 periods x 90 patients) C-t profiles were used for
the population PK analysis and model building of each drug. As

reported in the ‘Methods’ section, both FOR and BUD presented com-
plex absorption and disposition kinetics following inhaled administra-
tion, with the classic one-, two- and three-compartment models proven
inadequate to describe the available C-t data. Therefore, MLXTRAN
codes were developed for each drug and further assessed for their
performance.

3.2.1. Formoterol
In the case of FOR, visual inspection of the individual C-t profiles

Table 1
Descriptive statistics of demographic characteristics of the enrolled subjects.

Age
(years)

Weight
(Kg)

Height
(cm)

BMIa

(Kg/m2)

Mean 46.85 73.26 166.61 26.40
SDb 11.51 11.50 9.03 3.59
CV %c 24.6 15.7 5.4 13.6
Minimum 19 50 150 18.7
Maximum 65 97 192 30.0
Range 46 47 42 11.3

a Body mass index.
b Standard deviation.
c Percent coefficient of variation.

Fig. 1. Mean plasma concentration - time profiles of formoterol (A)
and budesonide (B) for the test (PULMO) and reference (SYMBI) dry
powder inhalers. The error-bars refer to the standard deviation of
the concentration values at each time-point.

Table 2
Pharmacokinetic (PK) parameters and statistical descriptive criteria for the plasma con-
centration-time data of inhaled formoterol (reference and test products) in 90 asthma
patients.

PK parametera Mean SD b CV%c Median Min Max

SYMBI (reference)

AUCt (pg/mL/h) 69.417 19.729 28.4 68.018 21.805 117.249
Cmax (pg/mL) 10.356 4.962 47.9 9.288 2.272 33.977
AUCinf (pg/mL/h) 83.513 21.703 26.0 81.787 35.840 148.372
Tmax (h) – – – 0.083 0.05 0.5
λz (h−1) 0.040 0.010 25.6 0.040 0.016 0.065

PULMO (test)

AUCt (pg/mL) 67.523 20.666 30.6 69.632 26.141 145.293
Cmax (pg/mL) 10.117 4.630 45.8 8.86 3.371 25.797
AUCinf (pg/mL/h) 81.432 22.831 28.0 81.728 35.106 173.926
Tmax (h) – – – 0.083 0.05 0.5
λz (h−1) 0.040 0.010 25.8 0.040 0.016 0.069

a AUCt: area under the concentration-time curve from time zero to the last quantifiable
sample; Cmax: the first recorded maximum plasma concentration value; AUCinf: area under
the concentration-time curve from time zero extrapolated to infinity; Tmax: the time at
which Cmax occurs; λz: apparent terminal elimination rate constant.

b Standard deviation.
c Percent coefficient of variation.
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(Fig. 2) revealed a plateau or second smaller concentration peak within
3–5 h post-dose.

The contribution of absorption of the swallowed fraction of dose
from the GI tract was excluded due to the concomitant administration
of activated charcoal; thus, the second peak is most probably attributed
to an enterohepatic recirculation of FOR. In our analysis, inhaled FOR
kinetics was best described by a structural model consisting of a two-
compartment disposition model linked to a lung compartment, as well
as to serial gallbladder (GB) and gastrointestinal (GI) compartments for
the description of the EHC process (Fig. 3).

In the EHC loop, the two additional compartments (i.e., GB and GI)
were linked by first-order kinetics and a gallbladder emptying time
interval, based on the time of the second peak observed in the C-t plot,
i.e. between 2 and 5 h post-dose. The EHC process was modeled by
introducing a first-order rate constant (Kb) describing the drug transfer
from the central compartment to the GB compartment. When gall-
bladder emptying occurred, FOR was introduced to the GI compartment
and was reabsorbed into the central compartment. First-order absorp-
tion from the GI compartment was initiated at 3 h post-dose, since then
was the termination of the co-administered activated charcoal scheme.
Elimination was considered, for both the central and the GI compart-
ments, to follow first-order kinetics.

The population parameter estimates of the final PK model of FOR,
along with the BSV% and RSE% values are listed in Table 4.

The PK estimates of the final best model were the following: ab-
sorption rate constant through the lungs (KL) = 14.8 h−1, apparent
volume of distribution of the central compartment (Vc/F) = 619 L,
apparent volume of distribution of the peripheral compartment (Vp/
F) = 1130 L, apparent clearance from the central compartment (CL/
F) = 93 L/h, inter-compartmental clearance (Q/F) = 2350 L/h,
transfer rate constant from the central compartment to bile (Kb) = 0.37
h−1, excretion rate constant from the gallbladder to the intestine
(Kg) = 0.7 h−1, GI absorption rate constant (Ka) = 0.26 h−1, and fecal
elimination rate constant (Kfec) = 0.01 h−1. It is reasonable that only
“apparent” PK parameters could be estimated in the present study, since
only inhaled administration was performed and not intravenous ad-
ministrations. For this reason, the term F was included, referring to the
bioavailable fraction of dose. BSV% estimates were found to exhibit
moderate to high values, which ranged approximately from 15% to
88%. The RSE% values, obtained for both PK and BSV% estimates, were
relatively low (3-23%), indicating that the model parameters were
precisely estimated (Table 4).

The residual error model that led to the optimum performance was a
combined error model consisting of an additive component α and
multiplicative coefficient b:

Table 3
Pharmacokinetic (PK) parameters and statistical descriptive criteria for the plasma con-
centration-time data of inhaled budesonide (reference and test products) in 90 asthma
patients.

PK parametera Mean SDb CV%c Median Min Max

SYMBI (reference)

AUCt (pg/mL/h) 1769.415 759.655 42.9 1613.058 191.131 4159.821
Cmax (pg/mL) 818.993 411.144 50.2 800.775 109.588 2214.556
AUCinf (pg/mL/h) 1844.653 789.637 42.8 1690.863 208.889 4366.584
Tmax (h) – – – 0.167 0.05 1.00
λz (h−1) 0.169 0.064 37.9 0.162 0.056 0.343

PULMO (test)

AUCt (pg/mL) 1541.628 617.343 40.1 1406.357 478.144 3366.919
Cmax (pg/mL) 709.483 277.298 39.1 725.356 182.660 1568.544
AUCinf (pg/mL/h) 1614.704 655.631 40.6 1454.959 523.423 3579.876
Tmax (h) – – – 0.167 0.05 1.00
λz (h−1) 0.180 0.116 64.50 0.166 0.060 0.984

a AUCt: area under the concentration-time curve from time zero to the last quantifiable
sample; Cmax: the first recorded maximum plasma concentration value; AUCinf: area under
the concentration-time curve from time zero extrapolated to infinity; Tmax: the time at
which Cmax occurs; λz: apparent terminal elimination rate constant.

b Standard deviation.
c Percent coefficient of variation.

Fig. 2. Individual concentration-time profiles of FOR in plasma
of 90 asthma patients after a single inhaled dose of formoterol
fumarate from two dry powder inhalers.

Fig. 3. Schematic diagram of the final two-compartment model used to describe the
pharmacokinetics of FOR after inhalation with activated charcoal. Compartments: lung
compartment (1), central compartment (2), peripheral (3), gallbladder (4) and gastro-
intestinal compartment (5) for the enterohepatic re-circulation process. Key: KL = first-
order absorption rate constant from the lungs (h−1); Q = inter-compartmental clearance
of the drug (L/h); Kb = transfer rate constant to the gallbladder (h−1); Kg = excretion
rate constant from gallbladder to the intestine (h−1); Ka = absorption rate constant from
the gastrointestinal tract (h−1); Kfec = fecal elimination rate constant (h−1);
CL = clearance from the central compartment (L/h).
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= + + ⋅ ⋅C f a b f ε( )ij ij ij ij (1)

where Cij is the jth observed concentration of FOR for the ith individual,
a and b are the parameters of the residual error model, fij is the jth model
predicted value for ith subject, and εij is the random error which is as-
sumed to be normally distributed with mean 0 and variance 1. The
residual error parameters for the combined error model (Eq. (1)) were:
α = 0.12 and b = 0.15. Finally, a significant correlation of the random
effects between the two PK parameters, Vp/F and Q/F (corr = 0.74)
was incorporated in the final model, as it lead to better fittings and
improved numerical criteria. No effect of gender, age, body weight,
height and BMI on FOR estimated PK parameters was found, and no
difference in the performances of the two DPIs, or between the different
treatment periods was observed.

3.2.2. Budesonide
For BUD, the final best model was obtained when a two-compart-

ment disposition model was connected with two lung absorption
compartments (Fig. 4).

In this case, in order to account for the two parallel first-order ab-
sorption processes, the lung was composed of two absorption com-
partments to describe the ‘fast’ and ‘slow’ absorption of inhaled BUD.
Elimination was assumed to take place in the central compartment
following first-order kinetics. Table 5 summarizes the estimates of the
population parameters of the final model, along with their BSV% and
RSE% values.

The structural PK model was parameterized in terms of the fast
(Kaf = 19.7 h−1) and slow (Kas = 0.11 h−1) lung absorption rate
constants, the relative fraction of dose absorbed slowly (Rslow = 0.67)
through the lungs and the Rfast/Rslow ratio (z = Rfast/Rslow = 0.27),
where Rfast refers to the fraction of dose absorbed rapidly through the
lungs. Besides, the remaining model parameters are the apparent vo-
lume of distribution in the central (Vc/F = 228 L) and peripheral (Vp/
F = 182 L) compartments, the apparent inter-compartmental clearance
(Q/F = 254 L/h), and the apparent clearance (CL/F = 154 L/h). A
combined additive and proportional error model (Eq. (1)) was used to

describe the residual unexplained variability. The estimated residual
error parameters were: α= 0.90 and b= 0.13. A significant correlation
of the random effects between Vp/F - Q/F (corr = 0.84) and Kaf - Rslow

(corr = 0.45) was found and included in the final model. BSV% values

Table 4
Population parameters for the final best PK model applied to the formoterol data. Key:
PK = pharmacokinetic; KL = first-order absorption rate constant from the lungs (h−1);
Vc/F = apparent volume of drug distribution (L) of the central compartment; Vp/
F = apparent volume of drug distribution (L) of the peripheral compartment; Q/
F = apparent inter-compartmental clearance of the drug (L/h); CL/F = apparent clear-
ance from the central compartment (L/h); Kb = transfer rate constant to the gallbladder
(h−1); Kg = excretion rate constant from gallbladder to the intestine (h−1);
Ka = absorption rate constant from the gastrointestinal tract (h−1); Kfec = fecal elim-
ination rate constant (h−1); F = fraction of bioavailable dose; a and b = residual error
parameters for the combined error model (Eq. (1)); RSE%= relative standard error of the
calculation of the population pharmacokinetic estimate; BSV% = between subject
variability.

Parameter Mean (RSE%) BSV% (RSE%)

KL (h−1) 14.8 (3) 15.08 (23)
Vc/F (L) 619 (4) 32.30 (14)
Vp/F (L) 1130 (4) 36.65 (10)
Q/F (L/h) 2350 (6) 48.89 (10)
CL/F (L/h) 93 (3) 24.66 (9)
Kb (h−1) 0.37 (5) 48.31 (8)
Kg (h−1) 0.70 (8) 61.83 (15)
Ka (h−1) 0.26 (6) 48.89 (13)
Kfec (h−1) 0.01 (14) 88.42 (20)

PK Random Effects Correlation

Vp/F - Q/F 0.74 (11) –

Residual error model

a 0.12 (7) -
b 0.15 (2) -

Fig. 4. Schematic diagram of the final two-compartment model used to describe the
pharmacokinetics of BUD after inhalation with activated charcoal. Compartments: central
lung compartment (1), peripheral lung compartment (2), central compartment (3), per-
ipheral compartment (4). Two different first-order input rates (fast and slow) were con-
sidered for lung absorption of inhaled BUD, with a relative fraction of the inhaled dose
(Rfast) absorbed rapidly via the lungs and another fraction (Rslow) showing a delayed
absorption. Key: Kaf = fast first-order absorption rate constant from the lungs (h−1);
Kas = slow first-order absorption rate constant from the lungs (h−1); Rfast = relative
fraction of dose absorbed rapidly from the lungs; Rslow = relative fraction of dose ab-
sorbed slowly from the lungs; Q = apparent inter-compartmental clearance of the drug
(L/h); CL = apparent clearance from the central compartment (L/h).

Table 5
Population parameters for the final PK model applied to the budesonide data. Key:
PK = pharmacokinetic; Kaf = fast first-order absorption rate constant from the lungs
(h−1); Kas = slow first-order absorption rate constant from the lungs (h−1);
Rslow = relative fraction of dose absorbed slowly from the lungs; z = the ratio of dose
fractions absorbed either fast (Rfast) or slowly (Rslow) through the lungs (i.e. Rfast/Rslow);
Vc/F = apparent volume of drug distribution (L) of the central compartment; Vp/
F = apparent volume of drug distribution (L) of the peripheral compartment; Q/
F = apparent inter-compartmental clearance of the drug (L/h); CL/F = apparent clear-
ance from the central compartment (L/h); F = fraction of bioavailable dose; a and
b = residual error parameters for the combined error model (Eq. (1)); RSE% = relative
standard error of the calculation of the population pharmacokinetic estimate; BSV
% = between subject variability.

Parameter Mean (RSE%) BSV% (RSE%)

Kaf (h−1) 19.7 (8) 72.34 (12)
Kas (h−1) 0.11 (11) 51.38 (12)
Rslow 0.67 (3) 63.75 (17)
z 0.27 (5) 49.72 (11)
Vc/F (L) 228 (3) 28.24 (10)
Vp/F (L) 182 (6) 35.77 (10)
Q/F (L/h) 254 (6) 50.90 (10)
CL/F (L/h) 154 (3) 22.79 (9)

PK Random Effects Correlation

Kaf - Rslow 0.45 (38) –
Vp/F - Q/F 0.84 (6) –

Covariates effects

Gender on Kas
a −0.58 (23)

(p = 1.6 × 10−5)
-

Gender on Vp/Fa 0.22 (28)
(p = 0.00031)

-

Residual error model

a 0.90 (18) –
b 0.13 (2) -

a Males were considered as the ‘control’ group.
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ranged from 22% to 72%, while RSE% values remained relatively low
ranging from 9 to 17% for all the estimated parameters (Table 5).

Gender was found to be a significant covariate on Kas

(p = 1.6 × 10−5) and Vp/F (p = 0.00031), with male subjects ex-
hibiting a faster absorption for the slow lung absorption phase of BUD
and lower peripheral distribution compared to females (Eqs. (2) and
(3)). Besides, the inclusion of a gender effect on these two PK para-
meters led to significantly improved numerical criteria and fitting re-
sults of the final PK model.

= ⋅ −θK exp ( 0.58 )as 1 (2)

= ⋅Vp F θ/ exp (0.22 )2 (3)

where θ1 and θ2 refer to the typical population PK parameter estimates
for male subjects. No ‘treatment’, ‘period’ or any other covariate effect
was found to be significant (p > 0.05) on any other PK parameter.

3.2.3. Goodness-of-fit plots
Goodness-of-fit plots for the final PK models of FOR and BUD are

depicted in Figs. 5–7. Fig. 5A and B shows the individual predicted
concentrations versus the observed concentration values for the final
population PK models of FOR and BUD, respectively. A symmetric
distribution of points around the line of unity is observed in both cases,

showing an adequate degree of linearity and a reasonable agreement
between the predicted and observed concentrations for both PK models.

In line with the above, the weighted residuals (IWRES) versus the
individual predictions, illustrated in Fig. 6 (A, B) for both models, also
show a balanced distribution around the zero line, indicating that the
combined (proportional and additive) error model provided adequate
description of the residual error.

Finally, Fig. 7A and B represent the visual predictive check (VPC)
plots obtained for each compound. The predictions from the model
described adequately the observed high and median concentration
profiles of both compounds, suggesting that the utilized structural/error
models were appropriate for describing the plasma C-t profiles of FOR
and BUD, respectively.

4. Discussion

The study aimed at investigating the pharmacokinetics of the in-
haled combination BUD/FOR in an asthma patient group in order to
elucidate the absorption and disposition characteristics of these two
drugs. In this respect, a standard non-compartmental PK approach and
a population PK modeling methodology were applied.

4.1. Non-compartmental pharmacokinetic analysis

The non-compartmental approach was applied initially to the
available C-t data in order to get the estimates of some basic PK para-
meters. Even though low plasma drug levels were obtained in both
cases (Fig. 1), the high sensitivity of the bioassays allowed the accurate
quantification and characterization of the PK profiles of both FOR and
BUD. It is worthmentioning that the C-t levels reflected solely the initial
pulmonary absorption, since the gastrointestinal absorption of the
swallowed fraction, following inhaled administration, has been blocked
by the co-administration of an activated charcoal scheme [18].

Peak plasma concentrations of BUD were achieved within 30 min
following inhalation, while the lung absorption of FOR was even faster
with maximum drug concentrations in most subjects found within
5–10 min. Short absorption half-lives have been also reported for both
drugs in previous studies in asthma patients and healthy volunteers
[7,10]. This is in accordance with the moderately lipophilic character of
both molecules, found to be readily dissolved in human bronchial se-
cretions and rapidly absorbed across the lung epithelium [19,20]. The
primary PK parameters of BUD and FOR were calculated separately for
each DPI product (PULMO or SYMBI), and were further compared in
terms of BE assessment, according to the currently proposed EMA
methodology [12]. Even though a considerable debate on the use of BE
studies to demonstrate similarity between two orally inhaled products
exists, the simplicity and lack of controversy of performing PK studies
compared with other methods, support the role of PK studies on en-
suring substitutability of such generic products [18]. Particularly in
cases where a drug substance exhibits negligible gastrointestinal bioa-
vailability, or, as in our study, oral absorption can be prevented through
an activated charcoal scheme, plasma PK studies are considered the
most sensitive methodology for detecting formulation differences [21].
Besides, the additional application of PK modeling approaches based on
data derived from PK studies may be also used as an alternative method
for studying the pulmonary fate of the two inhaled products and serve
as surrogate evidence in the demonstration of their bioequivalence
[13,14,22].

4.2. Population pharmacokinetic analysis

Visual inspection of the plasma C-t profiles of BUD and FOR re-
vealed rather complex absorption and distribution characteristics that
could not be explained by the classic non-compartmental analysis.
Pharmacokinetics of inhaled drugs is much more complicated than that
of other routes of administration. In particular, certain physiological

Fig. 5. Individual predicted concentrations from the population pharmacokinetic models
versus the observed plasma concentration values of A) Formoterol and B) Budesonide. The
diagonal dashed line represents the line of unity, namely, the ideal situation.
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parameters, such as the mucociliary clearance, lung deposition, differ-
ences in absorption between central and peripheral areas of the lung, as
well as formulation characteristics (e.g., particle size, dissolution rate)
or patient-related factors (e.g., health status, lung function) can sig-
nificantly influence the PKs of these drugs [17]. For this reason, the
primary aim of this study was to develop population PK models able to

describe the entire time profiles of inhaled BUD and FOR. A dataset of
180 individual C-t profiles were used for the development of the two
structural PK models. Data for the two DPI products from each study
period were combined, by considering the ‘period’ (i.e., occasion) and
‘treatment’ (i.e., PULMO or SYMBI) effects as potential covariates.

4.2.1. Formoterol
In case of FOR, inspection of the individual C-t profiles (Fig. 2) re-

vealed either a plateau or small double concentration peaks, observed
in most subjects between 3 and 5 h post-dose. These lesser peaks, ob-
served at later times, were considered to reflect the enterohepatic re-
circulation of the drug, since gastrointestinal absorption of the swal-
lowed fraction was excluded due to the co-administration of activated
charcoal. Besides, it has been previously reported that, apart from renal
excretion, formoterol glucuronide conjugates might be excreted via the
bile, into the intestinal lumen and subsequently cleaved by the gut
flora, resulting in reabsorption of the free drug by enterocytes and re-
circulation through the liver [9,23]. This finding was further supported
by animal studies where, biliary excretion of FOR accounted for about
31–65% of an orally administered dose [24]. Therefore, an en-
terohepatic re-circulation model was developed for inhaled FOR in our
study, based on the above-mentioned physiological aspects of biliary
excretion and re-circulation processes. Plasma C-t profiles were best
described by a five-compartment model capable of simulating the
processes of lung absorption, systemic disposition, tissue distribution of
the drug and gallbladder emptying during the enterohepatic recycling
and subsequent intestinal absorption and elimination. The final struc-
tural model consisted of a two-compartment disposition model linked to
a lung absorption compartment and sequential gallbladder and GI
compartments representing the EHC loop (Fig. 3). For reasons of sim-
plicity, the liver (as a well perfused organ) was considered part of the
central compartment, while, metabolic and de-esterification reactions
of FOR were omitted in the final model.

It should be mentioned that in actual physiological conditions, the
EHC process is much more complicated and several PK models have
been proposed for the proper characterization of the EHC process.
Reported models for other drugs showing enterohepatic re-circulation
either assumed continuous enterohepatic recirculation [25], one or
multiple secretions of bile using an on/off switch time interval [26],
time-dependent transfer from bile into gut [27], or implemented a sine

Fig. 6. Graphical representation of the individual weighted re-
siduals (IWRES) versus the individual predicted concentrations
(IPRED) for the final model of A) Formoterol and B) Budesonide.
Points in red color refer to the missing data due to censoring. (For
interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 7. Visual predictive check of the final model for: A) Formoterol and B) Budesonide.
Key: solid lines refer to the 10th, 50th, and 90th percentiles of the empirical data; shaded
areas refer to the 95% prediction intervals around each theoretical percentile.
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function to describe periodic bile releases [28]. When more compli-
cated methodologies were implemented in our case, the model was
over-parameterized and no reliable fits could be obtained. Nevertheless,
in our study we investigated many of these possibilities.

Unlike conventional PK models, EHC models require the determi-
nation of additional rate parameters for the description of biliary ex-
cretion, intestinal absorption, fecal and urinary elimination of the ac-
tive compound. Defining appropriate characteristics, such as the rate
constants for the EHC loop, the ‘lag-time’ for the GI absorption and the
gallbladder emptying time interval, was a key element during model
construction. In our final model, the enterohepatic loop compartments
were linked by first-order transport rate constants, while a lag-time of
3 h was considered for the initiation of GI absorption, due to the pre-
sence of activated charcoal. Finally, a gallbladder emptying time in-
terval between 2 and 5 h post-dose was chosen, based on the observed
secondary absorption peak in the individual plasma C-t profiles of FOR.
Even in the absence of food, a partial discharge of gallbladder bile into
the duodenum during the inter-digestive period could also been con-
sidered [29]. Northfield and Hofmann [30] have previously reported
that there is a secretion of bile acids into the duodenum during the
fasting state. During late phase II of the inter-digestive period, intra-
gallbladder pressure increments favor flow of a small amount of bile
into the bile duct and, through the sphincter of Oddi, into the duo-
denum [31].

The estimates of the population PK parameters for the final PK
model, their BSV% and RSE% values are listed in Table 4. A high ab-
sorption rate constant (KL = 14.8 h−1) was estimated for FOR, which is
in accordance with the small Tmax values (5-10 min) observed in the
non-compartmental analysis, while the apparent volumes of distribu-
tion for the central (Vc/F = 619 L) and the peripheral compartments
(Vp/F = 1130 L) were in line the moderately lipophilic character of the
drug and in agreement with previously reported values [10,32].
Clearance of the drug from the central compartment (CL/F = 93 L/h)
was determined to be somewhat smaller compared with other reported
values [10], which may be partly explained by the addition of fecal
elimination contributing to the total clearance of the drug. A moderate
inter-individual variability was observed for most PK parameters of
FOR. However, rate constants between the central and peripheral
compartments and within the EHC loop varied largely within the study
population, highlighting the increased inter-subject variability in the re-
distribution processes.

In regards to the covariate model, no significant correlation was
observed between the examined covariates and the PK parameters of
FOR. Demographic characteristics, the effect of inhalation device,
treatment period, and patient status were not found to influence sys-
temic drug exposure of FOR. The goodness-of fit results (Figs. 5A, 6A
and 7A) showed that the model was able to provide sensible predictions
of the observed values despite some difficulties in capturing the EHC of
FOR in some individuals and the increased variability attributed to the
large sample size of the study population and the complexity of the EHC
process.

4.2.2. Budesonide
At 10-15 min after BUD inhalation, a peak serum concentration was

observed with a subsequent slower elimination of the drug (Fig. 1B).
The initial absorption phase was considered to reflect a rapid absorp-
tion of free BUD via the peripheral respiratory tract regions, while a
much slower underlying absorption process, attributed to absorption of
the drug from the central airways and the formation of BUD fatty acid
conjugates within the lung, was considered to contribute to the slowly
declining phase.

In general, drug absorption from the alveolar space (peripheral lung
regions) is often assumed to be fast due to the high local perfusion, the
large absorption surface area and the thin diffusion barrier. The mod-
erately lipophilic character of BUD leads to high solubility in human
bronchial secretions which in turn implies fast dissolution (within

6 min) and rapid absorption from the peripheral airways [19]. Con-
versely, in the conducting airways (central lung regions), absorption of
inhaled drugs is found to be slower compared to the peripheral regions,
due to less perfusion and thicker airway walls [33]. Nevertheless, apart
from a delayed absorption of the centrally deposited drug, a reversible
fatty acid esterification of BUD within the airways, further contributes
to the slowly absorbed fraction. Budesonide esterification process is
both rapid (within 5 min) and reversible and greatly increases the li-
pophilicity and pulmonary retention of the drug. As the intracellular
concentration of free BUD decreases, drug esters are hydrolyzed back to
their active state providing a slow-release reservoir of free BUD in the
lung over a period of several hours [34,35].

Taking into consideration the above physiological parameters, a
two-compartment disposition model with two parallel first-order ab-
sorption processes (fast and slow) from the lungs was finally chosen for
the description of the C-t profiles of inhaled BUD (Fig. 4). In the de-
veloped model, the dose of BUD was assumed to be divided into two
different fractions deposited in the two kinetically different lung com-
partments, allowing explicitly for different absorption rate constants for
drug absorption.

The estimates of the population PK parameters obtained for the final
model, their BSV% and RSE% values are listed in Table 5. A high ab-
sorption rate constant was estimated for the rapidly absorbed fraction
(Kaf = 19.6 h−1), suggesting that lung is an efficient route of systemic
absorption of BUD. Besides, the estimated slow absorption rate constant
(Kas = 0.11 h−1) accounted for the slowly absorbed fraction. The ratio
of the relative fractions of dose absorbed either fast (Rfast) or slowly
(Rslow) through the lungs (z) was equal to 0.27, suggesting that the main
fraction of the inhaled dose was slowly absorbed through the lungs.
This finding is further supported by previous studies indicating an in-
creased central lung deposition of inhaled BUD from DPI inhalers,
especially in asthma patients and reports showing that most of tissue
budesonide remains esterified several hours after inhalation [34,36].
Although the underlying processes are much more complicated, the
current approach affords a fair approximation of the underlying ab-
sorption process based on a numerically robust, parsimonious model
along with the right combination of parameters. In any case, the
parameters showing the greatest inter-individual variability for BUD
were those describing the absorption from lungs, reflecting the great
complexity and variability in lung absorption processes.

The derived BUD volumes of distribution for the central and the
peripheral compartments were relatively small (Table 5), which is in
line with the intermediate lipophilicity of the drug [33] and broadly
consistent with previously reported values [37,38]. In addition, the
rapid clearance observed in our study further supports previous find-
ings regarding the rapid systemic dilution and the limited nonspecific
tissue retention of the intact, non-esterified BUD [19]. The observed
small elimination half-life of the drug following inhalation also mini-
mizes the possibility of ‘flip-flop kinetics’. Indeed, many single- and
repeated-dose PK studies after intravenous and inhaled administrations
of BUD have confirmed the absence of difference in plasma kinetics
between these two routes [35].

Finally, the impact of several covariates on the estimated PK para-
meters was also examined in the case of BUD. Only gender was found to
significantly influence Kas (p = 1.6 × 10−5 < 0.05) and the periph-
eral volume of distribution Vp/F (p = 0.00031 < 0.05) (Table 5), with
men showing higher Kas values and lower peripheral volumes of dis-
tribution compared to female subjects. There is little available in-
formation about gender effects on pharmacokinetics, particularly re-
garding lung absorption of inhaled drugs. The gender effect observed on
Kas, in our case, might be attributed to a difference in total and regional
lung deposition patterns between males and females and other anato-
mical and dynamic differences. For instance, the size of the lung is
found to be larger in men compared to women, particularly in the upper
and large conducting airways, offering a wider absorption surface in the
more central lung regions [39]. The effect of gender on peripheral
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volume of distribution is also in line with the lipophilic character of the
drug. The higher body fat percentage in women compared to men may
account for the observed higher peripheral volume of distribution of
BUD in women. Nevertheless, since inhaled BUD reaches the site of
action before it is absorbed systemically, it is not expected that these
inter-gender differences will be accompanied by differences in the onset
or intensity of therapeutic effect. No other covariate effect (weight, age,
height, BMI, FEV1, asthma state, treatment and period) was observed
for BUD pharmacokinetics.

5. Conclusions

The aim of the present study was to investigate the absorption and
disposition kinetics of FOR and BUD in asthma patients, following a
combined inhaled administration using two different dry powder in-
halers. Initially, the application of a classic non-compartmental analysis
and the subsequent BE assessment, allowed for the estimation of some
basic PK parameters and showed the equivalence of the two inhalation
products regarding the primary PK parameters for both agents (FOR
and BUD). However, this study focused on the population PK analysis of
the two inhaled drugs. In case of inhaled FOR, a PK model describing
the enterohepatic re-circulation process of the drug was developed in
asthma patients. For inhaled BUD, the incorporation of two parallel
first-order absorption rate constants (fast and slow) for lung absorption

in the PK model emphasized the importance of pulmonary anatomical
features and underlying physiological processes during model devel-
opment of inhaled drugs. Finally, men were found to exert higher va-
lues for the slow absorption rate constant of BUD and smaller peripheral
volume of distribution compared to women.
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APPENDIX

Table A1
Bioequivalence results for formoterol administered via two different dry powder inhalers (PULMO and SYMBI).

Pharmacokinetic parameters GMR(%) a Lower 90% CI b Upper 90% CI b Statistical power (%) c

AUCt

(pg/mL/h)
96.62 93.46 99.89 100.00

Cmax

(pg/mL)
98.38 91.10 106.24 99.89

a GMR refers to the geometric mean ratio of the test over reference pharmacokinetic metric.
b The 90% confidence interval (CI) around the GMR.
c Statistical power of the study computed using: the estimated GMR, the residual error of the study, level of significance 5%, a number of 90 subjects, and a 2x2 clinical design.

Table A2
Bioequivalence results for budesonide administered via two different dry powder inhalers (PULMO and SYMBI).

Pharmacokinetic parameters GMR(%) a Lower 90% CI b Upper 90% CI b Statistical power (%) c

AUCt

(pg/mL/h)
89.78 83.18 96.90 99.90

Cmax

(pg/mL)
91.30 84.01 99.22 99.68

a GMR refers to the geometric mean ratio of the test over reference pharmacokinetic metric.
b The 90% confidence interval (CI) around the GMR.
c Statistical power of the study computed using: the estimated GMR, the residual error of the study, level of significance 5%, a number of 90 subjects, and a 2 × 2 clinical design.
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