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ABSTRACT: Objective: To investigate the pharmacokinetics of budesonide and formoterol
administered concomitantly in healthy adults.

Methods: Three single-dose, open-label crossover studies (n=28 each) were conducted (Study I:
budesonide pMDI, formoterol DPI, budesonide pMDI+formoterol DPI; Study II: budesonide/
formoterol pMDI, budesonide pMDI+formoterol DPI; Study III: budesonide/formoterol pMDI
[three budesonide formulation strengths; constant formoterol]). Study IV (n=28) assessed steady
state pharmacokinetics (budesonide/formoterol pMDI [two/four inhalations twice daily, 5-day
treatment; four inhalations, single-dose]).

Results: Study I: no pharmacokinetic interactions were observed between budesonide and
formoterol. Study II: AUC ratios were 97.9% (budesonide) and 82.2% (formoterol) (budesonide/
formoterol pMDI versus budesonide pMDI+formoterol DPI). Study III: formoterol AUC was
comparable across budesonide/formoterol pMDI formulation strengths; budesonide AUC
increased with formulation strength in proportion to fine particle dose. Study IV: dose
proportionality was demonstrated for budesonide (AUC ratio, 104.3%) and suggested for
formoterol (AUC ratio, 117.6%) with budesonide/formoterol pMDI (steady state); budesonide
and formoterol AUC was higher with repeated versus single-dose budesonide/formoterol pMDI
(four inhalations).

Conclusions: No pharmacokinetic interactions were observed between budesonide and
formoterol. Budesonide dose variation in budesonide/formoterol pMDI did not affect formoterol
exposure. Steady state budesonide/formoterol pMDI dose-doubling yielded proportional increases
in budesonide and formoterol exposure. Copyright © 2008 John Wiley & Sons, Ltd.
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Introduction

Inhaled corticosteroids (ICSs) are the recom-
mended first-line treatment for persistent asthma,
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while the addition of a long-acting B,-adrenergic
agonist (LABA) to ICS therapy is preferred for
patients whose asthma is not controlled on a
medium dose of ICS alone [1,2]. This combination
also is appropriate for the treatment of patients
with symptomatic chronic obstructive pulmonary
disease (COPD) who have a postbronchodilator
forced expiratory volume in 1s (FEV;)<50%
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predicted and a history of repeated exacerbations
[3]. The ICS budesonide and the LABA formoterol
are available in combination in a dry powder
inhaler (DPI) (Symbicort™ Turbuhaler®™, AstraZe-
neca, Lund, Sweden) and in a pressurized
metered-dose inhaler (pMDI) (Symbicort™ Inhala-
tion Aerosol, AstraZeneca, Wilmington, DE,
USA). Combining these two controller medica-
tions in one inhaler simplifies the dosing regimen
for patients for whom combination therapy is
appropriate, which may be beneficial, as the use of
multiple medications may be confusing for
patients and may negatively affect their adherence
to a prescribed treatment [4,5]. In addition, the use
of a combination inhaler incorporating both ICS
and LABA in patients with asthma ensures that
the LABA is not administered alone [2].

Randomized, double-blind clinical trials have
demonstrated the safety and efficacy of budeso-
nide/formoterol DPI in maintaining lung func-
tion and controlling symptoms in adult and
pediatric patients with persistent asthma and
that combination therapy is more efficacious than
budesonide alone [6-10]. In patients with COPD,
the same combination prolonged the time to first
exacerbation compared with either treatment
alone or placebo [11] and reduced the number
of severe exacerbations [12]. The pharmacoki-
netic profiles of budesonide and formoterol have
been reported when each agent is administered
separately [13-19] and combined via a DPI [20].
Importantly, systemic exposures to budesonide
and formoterol were comparable after adminis-
tration together in the DPI compared with
administration in separate inhalers [20]. Conco-
mitant dosing did not result in any pharmacoki-
netic interactions [20].

The aim of the present investigation was to
evaluate the pharmacokinetics and systemic
bioavailability of budesonide and formoterol
administered via the recently introduced hydro-
fluoroalkane  (HFA) budesonide/formoterol
pMDI. Two of the studies (I and II) included
assessments of budesonide and formoterol phar-
macokinetics when delivered by a single drug
inhaler. In these studies, budesonide was deliv-
ered from an HFA pMDI formulation that was
identical to budesonide/formoterol pMDI with
the exception of the inclusion of formoterol. This
formulation was produced specifically for use in
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clinical trials and is not a marketed product.
Formoterol was administered as Oxis"™ Turbu-
haler® (AstraZeneca, Lund, Sweden), which is
the dry powder inhaler formulation available in
many countries. These products were included in
these pharmacokinetic studies because they were
the monoproducts used as comparators in the
phase III program for budesonide/formoterol
pMDI to fulfil regulatory requirements for the
evaluation of a combination product.

By comparing the pharmacokinetics of bude-
sonide and formoterol when delivered separately
or in combination, it may be possible to detect
any alterations in systemic exposure due to
changes in formulation.

Methods

Study designs and subjects

Four randomized crossover studies were con-
ducted (SD-039-0722 [Study 1], SD-039-0721
[Study 1I], SD-039-0723 [Study III], and SD-039-
0724 [Study IV]). All treatments were adminis-
tered in an open-label manner; subjects were
trained to ensure correct inhalation technique for
each device, and each inhalation was supervised
by a study nurse. In each study, the time between
each inhalation was such that the total inhalation
times were similar for each treatment: the time
between each inhalation was extended for the
treatments administered via one inhaler to equal
the total inhalation times of the treatments
administered via separate inhalers. No unneces-
sary pauses were allowed between inhalations
for treatments administered via separate
inhalers. The maximum total inhalation time
ranged from 4 to 7 min in the four studies.
Inhalations and blood and urine sampling were
conducted at the AstraZeneca Clinical Pharma-
cology Unit (Lund, Sweden).

Treatments for each study are shown in Table
1. In each study, the subjects received the
treatments in random order. Study I investigated
the pharmacokinetic interaction of budesonide
and formoterol when administered simulta-
neously as budesonide pMDI+formoterol DPI
(concomitant administration) compared with
each product administered alone. Study II was
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Table 1. Study treatments

Study Treatment regimen (total delivered dose) Product/trade name”
I Eight inhalations:
BUD pMDI 160 pg (1280 pg) Not marketed
FM DPI 4.5 ug (36 ug) Oxis® Turbuhaler®™
BUD pMDI 160 pg (1280 ug)+FM DPI 4.5 ug (36 pg) Not marketed+Oxis" Turbuhaler™
3-14 day washout period between treatments
I Eight inhalations:
BUD/FM pMDI 160/4.5 ng (1280/36 pg) Symbicort®™ pMDI
BUD pMDI 160 pg (1280 pg)+FM DPI 4.5 pg (36 pug) Not marketed+Oxis® Turbuhaler®™
3-14 day washout period between treatments
I Twelve inhalations:
BUD/FM pMDI 40/4.5 pg (480/54 png) Not marketed
BUD/FM pMDI 80/4.5 ug (960/54 pg) Symbicort®™ pMDI
BUD/FM pMDI 160/4.5 pg (1920/54 png) Symbicort‘f"‘: pMDI
5-14 day washout period between treatments
v Two inhalations b.i.d. x 5 days:

BUD/FM pMDI 160/4.5 ug (320/9 ug per day)

Four inhalations b.i.d. x 5 days:

BUD/FM pMDI 160/4.5 pg (640/18 ug per day)

Four inhalations single dose:

BUD/FM pMDI 160/4.5 pg (640/18 ug)

Symbicort™ pMDI
Symbicort®™ pMDI

Symbicort®™ pMDI

5-28 day washout period between treatments

BUD, budesonide; pMDI, pressurized metered-dose inhaler; FM, formoterol; DPI, dry powder inhaler; b.i.d. twice daily.
*Symbicort™ pMDI is manufactured by AstraZeneca, Wilmington, DE, USA; Oxis™ Turbuhaler® is manufactured by AstraZeneca, Lund, Sweden.
The budesonide pMDI used in these studies was designed as a comparator and is not marketed in any country.

designed to investigate the relative systemic
bioavailability of budesonide and formoterol
when inhaled from budesonide/formoterol
pMDI (one inhaler) compared with budesonide
pMDI+formoterol DPI (concomitant administra-
tion) and to compare plasma and urine sampling
when estimating the relative systemic bioavail-
ability of formoterol. Study III investigated the
dose proportionality of budesonide, measured as
systemic bioavailability, and the relative systemic
bioavailability of formoterol when administered
via three different formulation strengths of
budesonide/formoterol pMDI. Study IV was
designed to investigate (i) the dose proportion-
ality of budesonide and formoterol, measured as
systemic bioavailability, when inhaled from
budesonide/formoterol pMDI at two different
doses twice daily for 5 days and (ii) the relation-
ship between single- and repeated-dose pharma-
cokinetics of budesonide and formoterol when
inhaled from budesonide/formoterol pMDL

All study protocols were approved by the
Independent Ethics Committee in Lund, Sweden,
conducted in accordance with the ethical princi-
ples of the Declaration of Helsinki and applicable
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local regulations, and consistent with Good
Clinical Practice. Written informed consent was
obtained before any study procedures were
initiated.

For all studies, healthy subjects aged 18 to 55
years with a body mass index between 18 and 30
kg/m?* were included. Women of childbearing
age were to use reliable contraception, and no
pregnant or lactating women were included in
the studies. Subjects using any regular medica-
tion or therapy including oral contraceptives,
over-the-counter remedies, herbal preparations,
vitamins and mineral supplements were ex-
cluded. Subjects with an acute illness or intake
of prescribed medication within 2 weeks before
enrolment; history or evidence of any significant
disease or disorder; or a known or suspected
hypersensitivity to corticosteroids, B,-adrenergic
agents, inhaled lactose or other excipients in the
study drugs also were excluded. Subjects could
not participate in another study within 3 months
before screening, apart from noninvasive meth-
odology studies in which no drugs were given.

The following restrictions were associated with
participation in the studies to standardize condi-
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Table 2. Baseline and demographic characteristics® of subjects in each study

Study I Study II Study III Study IV
(n=28) (n=28) (n=28) (n=28)
Age (y) 26 (6) 24 (3) 25 (5) 26 (4)
Range 19-47 20-29 19-34 21-36
Weight (kg) 69 (12) 71 (12) 72 (12) 72 (11)
Range 51-90 54-106 54-99 58-96
Height (cm) 174 (9) 177 (9) 176 (9) 175 (7)
Range 161-192 163-191 156-195 160-190
BMI (kg/m?) 23 (3) 23 (2) 23 (2) 23 (2)
Range 18-29 20-29 19-29 20-28

?All values are presented as mean (standard deviation) unless otherwise indicated.

tions and to limit the risk of drug-drug and
drug—food interactions, as well as to ensure
subject safety and welfare. Subjects were re-
quired to abstain from taking any prescribed
medication and any nicotine-containing products
during the study; refrain from strenuous physical
activity and drinking alcohol from 24h before
and during all visits; and abstain from intake of
any nonprescribed medication (except paraceta-
mol if needed), grapefruit and grapefruit juice
from 72h before and during all treatment
periods. Subjects were required to fast (water
allowed) for at least 10h at the time of arrival at
the Clinical Pharmacology Unit in the morning
during the treatment periods (in the morning of
the last treatment day for the repeated-dose
treatments in Study IV) and for 3h at the time
of arrival at enrolment and follow-up. Subjects
were served a standardized breakfast, which had
to be finished 30 min before treatment. No food
or liquids were allowed until 4 h after treatment,
except for water, which was allowed 1h after
treatment.

Sample collection

Blood samples for analysis of budesonide and
formoterol were collected predose (Omin) in all
studies using an indwelling plastic cannula
inserted into the forearm vein. In all studies,
postdose samples were collected 10, 20, 40 and
60min, and 2, 4, 6, 8, 10 and 12 h after treatment
with study drug. In Study III, postdose samples
were also collected at 14, 16, 18, 20, 22 and 24 h
after treatment with the study drug for determi-
nation of formoterol pharmacokinetics. In Study
IV, for the repeated-dose treatments, postdose

Copyright © 2008 John Wiley & Sons, Ltd.

samples were collected on the last treatment day.
In Study II, all urine was collected over the 48h
postdose period for the determination of total
excreted formoterol.

In all studies, blood samples were collected
into sodium heparinized tubes at each designated
time. The samples were centrifuged at 1500 x g
for 10 min at room temperature. For budesonide,
the plasma was then transferred to cryotubes and
stored below —20°C before analysis. For formo-
terol, plasma was immediately transferred to
cryotubes containing citric acid and stored below
—20°C before analysis. Urine samples were stored
below —20°C.

Formoterol

Quantitative determination of formoterol base
(MW: 3444 g/mole) in plasma and urine was
performed by Quintiles AB Analytical Services
(Uppsala, Sweden). The plasma and urine sam-
ples were prepared by adding a *H,-labeled
analogue of formoterol as an internal standard
followed by solid phase extraction (Isolute CBA,
Sorbent AB, Sweden). Analysis was performed
by coupled column reversed-phase liquid chro-
matography with electrospray tandem mass
spectrometric detection (LC-ESI-MS/MS) (Instru-
ment: Quattro II with Z-spray, Waters Corpora-
tion, Micromass UK Ltd, Manchester, UK).
Chromatography was performed using a gradi-
ent of water, methanol and acetic acid on a
coupled column LC system comprising a CN-
window column, a C;g-collection column and a
Cjs-analytical column (ACE C;5 50 X 2.1 mm id.,
Hichrome Ltd, UK). Formoterol and the internal
standard were detected using ESI positive ion

Biopharm. Drug Dispos. 29: 382—-395 (2008)
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pMD], pressurized metered-dose inhaler; DPI, dry powder inhaler; CI, confidence interval; BUD, budesonide; FM, formoterol; AUC, area under the plasma concentration versus time curve from

time zero to infinity; Cyay, maximum plasma concentration; t;/,, elimination half-life.

*Values represent geometric means for all parameters; comparisons are shown as percentages based on ratios (90% confidence interval).

PEight inhalations of BUD pMDI 160 pg.

Eight inhalations of FM DPI 4.5 ug.

multiple reaction monitoring (MRM) of the
transitions m/z: 345.00-149.20 (formoterol) and
349.00-153.30 (internal standard).

The plasma method was validated over the
concentration range 5.00 to 1000 pmol/1 with a
lower limit of quantification (LLOQ) of 5.00
pmol/l. The inter-assay repeatability was 3.0 to
6.6%, and the accuracy was better than 8.4%. The
urine method was validated over the concentra-
tion range 40.0 to 50000 pmol/1 with a LLOQ of
40.0 pmol/1 using a 1.0ml sample volume. The
inter-assay repeatability was 5.0 to 11.1%, and the
accuracy was better than 4.6%.

Budesonide

Quantitative determination of R/S budesonide
(MW: 430.24 g/mole) in plasma was performed
by TNO Nutrition and Food Research (Zeist, the
Netherlands). The plasma samples were pre-
pared by adding a 2Hg-labeled analogue of
budesonide as an internal standard followed by
solid phase extraction (Isolute MF C18, Sorbent
AB, Sweden). Analysis was performed by liquid
chromatography—-atmospheric pressure chemical
ionization—tandem mass spectrometry (LC-
APCI-MS/MS) (Instrument: Finnigan TSQ 7000,
ThermoFinnigan, San José, CA, USA). Chromato-
graphy was performed using a gradient of water,
methanol and acetic acid on an LC system
comprising a C8-guard column and a C8-analy-
tical column (Zorbax SB-C8 30 x4.6mm id.,
Agilent Technologies, Sweden). Budesonide and
the internal standard were detected using nega-
tive ion multiple reaction monitoring (MRM) of
the transitions of the acetate adduct of budeso-
nide (m/z: 489-357) and its internal standard (m/z:
497-357). The plasma method was validated over
the concentration range 0.010 to 10 nmol/1 with a
LLOQ of 0.01 nmol/l. The inter-assay repeat-
ability was 2.4 to 13.0%, and the accuracy was
within the range of to —4.0 to 0.2%.

Calculation of pharmacokinetic variables

The plasma concentration data for budesonide
and formoterol were described by standard
pharmacokinetic variables: area under the curve
of plasma concentration versus time (AUC) and
maximum plasma concentration (Cp.x). Values
for each subject were estimated with standard

Biopharm. Drug Dispos. 29: 382—-395 (2008)
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Figure 1. Study II, mean plasma concentration versus time
curves for budesonide (a) and formoterol (b) after single-dose
administration of budesonide/formoterol pMDI 160/4.5 ug x
eight inhalations and budesonide pMDI 160 ug x eight in-
halations+formoterol DPI 4.5pug x eight inhalations. pMDI,
pressurized metered-dose inhaler; DPI, dry powder inhaler

nonparametric models. AUC,; was calculated
using the trapezoidal method, with t denoting
the last measurement with a concentration above
LOQ. AUC,_,, was calculated as AUCy_+C./ke,
where C; is the concentration at time t and k; is
the estimated terminal elimination rate constant.
kei was calculated from the later plasma concen-
trations of budesonide and formoterol by per-
forming linear regression on a number of points
selected on the nearly linear portion of the In C(#)
versus t curve. The last three points were initially
selected and further time points were added as
long as the 7* of the regression model did not
decrease. If a smaller ¥ was encountered, the

Copyright © 2008 John Wiley & Sons, Ltd.

point was excluded and the next point was
included in a new regression. If 7* then was
higher, the excluded point was considered an
outlier and the process continued; otherwise, the
selection process stopped. The late half-life (¢;,,)
was computed as In(2)/ke.

For repeated-dose treatments in Study IV,
AUCy 1o, was calculated for the interval 0-12h
after the last dose using the trapezoidal method.
If the plasma concentration was below LOQ
before 12h, the last part was calculated by
exponential extrapolation using ke and the last
measurement with concentration above LOQ.
The accumulation ratio (R,.) was computed as
the ratio of AUCy 12, for the repeated dose
treatment over the AUC(_1,1, for the single-dose
treatment.

In Study II, the amount of formoterol excreted
unchanged in the urine (A.) was calculated as the
urine formoterol concentration multiplied by the
urine volume. Urine volume was calculated from
urine weight, assuming a density of 1020 g/1. The
fraction of formoterol excreted in the urine (F,)
was computed from A, and the inhaled dose
(36 pg, corresponding to 86 nmol). The molecular
weight of formoterol is 420.4 g/mol.

Safety assessments

Safety and tolerability were based primarily on
the incidence and severity of adverse events
(AEs) collected using spontaneous subject re-
ports and standard questioning at each clinic
visit.

Statistical analysis

The studies were descriptive, and sample sizes
were based on pharmacokinetic variability ob-
served in previous studies. Pharmacokinetic
analysis in all four studies included all rando-
mized subjects with data collected from at least
two treatments with the investigational product.
AUC values for treatments in each study were
compared between treatments using a multi-
plicative analysis of variance (ANOVA) model
with subject, period and treatment as fixed
factors. Treatment ratios were estimated and
90% two-sided confidence intervals (Cls) were
calculated from the model. Cy,oy, 1,2 and A, were
analysed using the same methods.

Biopharm. Drug Dispos. 29: 382—-395 (2008)
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Table 4. Comparison of pharmacokinetic parameters® for budesonide and formoterol administered via one pMDI versus separate

inhalers (study II)

Parameter BUD/FM pMDI BUD pMDI 8 x 160 ug Treatment comparison
8 x160/4.5ug +FM DPI 8 x 4.5 ug
BUD/FM pMDI vs
BUD pMDI*+FM DPI¢
Mean (90% CI) Mean ratio (90% CI)
Budesonide

AUC, nmol.h/1 14.6 (14.0-15.3)

Cmaxr anl/l 3.9 (37—42)
ti/2 h 3.6 (3.4-3.8)
Formoterol

AUC, pmol.h/1
Cmax, pmol/1

515.7 (489.2-543.7)
147.0 (135.1-160.0)

14.9 (14.3-15.6)
4.0 (3.8-4.3)
3.3 (3.2-3.5)

97.9 (92.1-104.1)
97.2 (89.0-106.1)
107.8 (100.3-115.8)

627.1 (594.8-661.2)
158.2 (145.4-172.2)

82.2 (76.3-88.6)
92.9 (82.5-104.7)

ti2, h 6.0 (5.5-6.5) 6.4 (5.9-6.9) 93.8 (83.4-105.4)
Formoterol urine data Mean (range)

Ae,® nmol 7.6 (4.3-15.0) 9.3 (6.2-14.2) —

Aeg 41, nmol 6.8 (3.8-13.7) 8.3 (5.4-12.9) —

Aepy 451, nmol 0.8 (0.4-1.3) 0.9 (0.5-1.5) —

Fe,® % 8.8 (5.0-17.5) 10.9 (7.3-16.6) —

Feg 241, % 8.0 (4.4-16.0) 9.7 (6.3-15.0) —

Fez4,_43h, % 0.9 (04—15) 1.1 (06—17) -

pMD], pressurized metered-dose inhaler; CI, confidence interval; BUD, budesonide; FM, formoterol; DPI, dry powder inhaler; AUC, area under the
plasma concentration versus time curve from time zero to infinity; Cpax, maximum plasma concentration; t;,,, elimination half-life; Ae, amount
excreted unchanged into urine; Fe, fraction of the administered dose excreted in the urine.

“Values represent geometric means for all parameters; comparisons are shown as percentages based on ratios (90% confidence interval).

PEight inhalations of BUD/FM pMDI 160/4.5 pg.
Eight inhalations of BUD pMDI 160 pg.

9Eight inhalations of FM DPI 4.5 ug.

Includes the whole collection period.

In Study III, another model was used to
investigate the dose proportionality of budeso-
nide. A multiplicative ANOVA model with
subject and period as fixed factors and logged
nominal delivered dose as a covariate was
applied to budesonide AUC,_... The coefficient
of the covariate was estimated and 95% Cls were
calculated. The estimated slope of the covariate
was determined and the regression line was fit to
individual and mean values; a covariate slope
with 95% CI encompassing 1 indicated dose
proportionality.

A post hoc analysis was conducted in Study III
to compare the proportionality of budesonide
AUC with the fine particle dose (FPD). The
FPD was determined by Andersen impac-
tion (amount [pg] per inhalation consisting of
particles <4.7 um) of budesonide from the actual
batches. The dose-proportionality analysis was
not performed on formoterol because the dose
was constant and therefore did not change with

Copyright © 2008 John Wiley & Sons, Ltd.

formulation strength. ANOVA-adjusted esti-
mates of AUCy_ 1o, were used to calculate R,.
values for budesonide and formoterol.

All randomized subjects who received at least
one dose of the investigational product were
included in the analysis of safety. AEs were
summarized descriptively.

Results

Subjects

In each study, 28 unique subjects were rando-
mized (Table 2), and no subject participated in
more than one study. Demographic characteris-
tics of randomized subjects were similar across
the four studies: mean age ranged from 24 to 26
years, mean weight from 69 to 72 kg, mean height
from 174 to 177 cm, and mean body mass index
was about 23 kg/m? in all studies (Table 2).

Biopharm. Drug Dispos. 29: 382—-395 (2008)
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Figure 2. Study III, mean plasma concentration versus time
curves for budesonide (a) and formoterol (b) after single-dose
administration of 12 inhalations of budesonide/formoterol
pMDI at three different doses: 40/4.5 ug, 80/4.5ug and 160/
4.5ug. pMDI, pressurized metered-dose inhaler

Study I: Pharmacokinetics of budesonide and
formoterol administered simultaneously via se-
parate inhalers (budesonide pMDI+formoterol
DPI) versus each product alone

Budesonide and formoterol did not show any
differences in any pharmacokinetic parameters
when administered concomitantly (budesonide
pMDI+formoterol DPI) or individually as mono-
components (budesonide pMDI or formoterol
DPI) (Table 3). For AUC_, and Cpax, the 90%
CIs for the mean treatment ratios were within
the established bioequivalence limits of 80% to
125%.

Copyright © 2008 John Wiley & Sons, Ltd.

Study 1I: Pharmacokinetics of budesonide and
formoterol administered from one pMDI inhaler
(budesonide/formoterol pMDI) versus separate
inhalers (budesonide pMDI+formoterol DPI)

The mean plasma concentration versus time
curves for budesonide and formoterol for each
treatment are shown in Figure 1. For budesonide,
the AUCy_~, and Cpax ratios comparing budeso-
nide/formoterol pMDI with budesonide pMDI+
formoterol DPI (concomitant administration)
were close to 100% (Table 4), with 90% ClIs for
the mean treatment ratios within the established
systemic bioequivalence limits of 80% to 125%.
Budesonide t;,, was similar for both treatments.
Plasma concentrations of formoterol were
slightly lower after treatment with budesonide/
formoterol pMDI than after budesonide pMDI+
formoterol DPI (concomitant administration).
Formoterol t;,, was similar for both treatments.

The estimated relative systemic bioavailability
for formoterol, comparing budesonide/formoterol
pMDI to budesonide pMDI+formoterol DPI
(concomitant administration), was 81.5% based
on A, (in urine), similar to the estimate of relative
systemic bioavailability from plasma sampling
(AUCy_o,, 82.2%) (Table 4). Values for A. and F.
are shown in Table 4. The results for Fey 4, and
Fepy 481 indicate that the majority of formoterol
was excreted in the first 24 h.

Study III: Pharmacokinetic dose proportionality
of budesonide and bioavailability of formoterol
after administration of budesonide/formoterol
pMDI at three formulation strengths

Figure 2 shows the mean plasma concentration
versus time curves for budesonide and formoterol
for each treatment. The dose-adjusted budeso-
nide AUCy_,, and C,,.x values decreased with
increased nominal budesonide dose (Table 5).
Twelve inhalations of budesonide/formoterol
pMDI 80/4.5 pg resulted in approximately 10%
lower values than 12 inhalations of budesonide/
formoterol pMDI 40/4.5pg, and 12 inhalations
of budesonide/formoterol pMDI 160/4.5ug
resulted in 10 to 15% lower values than 12
inhalations of budesonide/formoterol pMDI 80/
4.5 pg. Budesonide t;,, was similar for the three
treatments. Dose proportionality was investi-
gated by determining the estimated slope of the
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100.0 (91.3-109.6) 98.7 (89.9-108.3) 98.6 (89.9-108.2)

271.1 (253.6-289.8)
8.3 (7.4-9.4)

274.9 (257.6-293.2)
7.8 (7.0-8.8)

274.8 (257.5-293.2)
7.1 (6.3-8.0)

Cmax, pmol/1

tl /2, h

116.6 (98.6-137.9) 105.9 (89.5-125.2)

110.1 (93.3-129.9)

pMDI, pressurized metered-dose inhaler; CI, confidence interval; BUD, budesonide; FM, formoterol; AUC, area under the plasma concentration versus time curve from time zero to infinity;

Cmax, maximum plasma concentration; t,,, elimination half-life.

“Values represent geometric means for all parameters; comparisons are shown as percentages based on adjusted mean or ratio (90% confidence interval).

bDose-adjusted AUC and Cp,,x values are used in treatment comparisons.

covariate, with the regression line fit to indivi-
dual and mean values; a covariate slope with
95% CI encompassing 1 indicated dose propor-
tionality. The mean slope of the ANOVA covari-
ate (logged nominal delivered dose) was 0.85
(95% CI: 0.80-0.90). Thus, proportionality be-
tween budesonide AUC,_,, and the nominal
delivered dose was not demonstrated by this
criterion. However, a post hoc analysis of
budesonide AUC,_., versus the actual FPD was
performed for the actual batches used in the
study; the budesonide FPD per actuation used in
the analysis was 25, 46 and 86 pg for the 40/4.5,
80/4.5 and 160/4.5pg products, respectively.
FPD is related more closely to the amount of
drug reaching the lungs than is nominal dose and
thus may be a better surrogate parameter for the
desired local delivery. The analysis resulted in a
mean covariate slope of 0.95 (95% CI: 0.89-1.01),
indicating dose proportionality between FPD and
plasma levels.

The relative systemic bioavailability of formo-
terol was comparable when administered via
three different formulation strengths of budeso-
nide/formoterol pMDI. The mean treatment
comparison ratios for AUCy_, and Cpax had
90% ClIs within the established bioequivalence
limits of 80 to 125%. The t;,, for formoterol was
similar among the three treatments (Table 5).

Study 1V: Pharmacokinetic dose proportionality
of budesonide and formoterol after administration
of budesonide/formoterol pMDI at two different
doses for 5 days and pharmacokinetics of repeated
versus single dosing

The mean plasma concentration versus time
curves for budesonide and formoterol for each
treatment are shown in Figure 3, and mean
pharmacokinetic parameters and treatment ratios
are provided in Table 6. For budesonide, the
dose-adjusted AUCj_121, and Cpnax ratios compar-
ing four versus two inhalations twice daily for 5
days were close to the expected 100%, with the
90% CI within the bioequivalence limits (80—
125%), indicating dose proportionality. Repeated
dosing resulted in higher plasma concentrations
of budesonide than a corresponding single dose
as measured by AUC (AUCy 1o1 for repeated
dosing and AUC,_~, for single dosing) and Cyax-
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Figure 3. Study IV, mean plasma concentration versus time
curves for budesonide (a) and formoterol (b) after 5 days of
administration of budesonide/formoterol pMDI 160/
4.5ug x two or four inhalations b.i.d. and single-dose admin-
istration of budesonide/formoterol pMDI 160/4.5 ug x four
inhalations. pMDI, pressurized metered-dose inhaler; b.i.d.,
twice daily; s.d., single dose

The R, for budesonide, computed as the ratio of
AUCy 15, for repeated dosing (8.8nmol-h/l)
over the AUCy,n for single dosing
(6.7nmol-h/1), was 132.3%. No meaningful
differences for budesonide t;,, were found
between the two repeated-dosing treatments or
between single dosing and repeated dosing
(Table 6).

For formoterol, the dose-adjusted AUCy_121,
and C.x ratios, expressed as percentages,
comparing four versus two inhalations twice
daily for 5 days were higher than the expected
100% (Table 6). No meaningful differences were
found between the two repeated-dosing treat-

Copyright © 2008 John Wiley & Sons, Ltd.

ments for formoterol t#;,,. Repeated dosing
resulted in higher plasma concentrations of
formoterol than a corresponding single dose as
measured by AUC (AUCy_121, for repeated dosing
and AUC;_ for single dosing) and Cpax. The R,
for formoterol, calculated as the ratio of AUCy_1o1,
for repeated dosing (356.6 pmol-h/l) over the
AUCy 121, for single dosing (201.0 pmol - h/1), was
177.4%. The higher formoterol plasma concentra-
tions observed with repeated-dose treatment
compared with single-dose treatment also was
reflected in a relatively longer t;, after repeated
dosing (Table 6).

Safety

All treatments were well tolerated, with no new
or unexpected safety findings in these studies.
The most common AEs were tremor, headache
and palpitations, which are well known and
consistent with high-dose B,-adrenergic agonist
administration [21]. Tremor and palpitations
occurred more frequently in subjects who re-
ceived higher or more frequent doses of for-
moterol compared with lower or less frequent
doses in Studies I and IV. In addition, the
occurrence of tremor and palpitations was
more frequent when the same dose of formoterol
was administered via DPI compared with
budesonide/formoterol pMDI in Study IL
Nasopharyngitis also was common, possibly
because the studies were performed during
winter. There were no clinically relevant differ-
ences in the pattern of reported AEs between
treatments.

Discussion

When pharmaceutical agents with known effi-
cacy and tolerability are combined in a new
formulation, it is necessary to investigate possible
interactions of the components. Systemic absorp-
tion of corticosteroids has the potential to
produce adverse effects such as hypothalamic—
pituitary—adrenal axis suppression, slowing of
growth in children and osteoporosis in older
individuals [22,23]. Systemic exposure to B,-
adrenergic receptor agonists has been associated
with AEs, including headache, tremor, muscle
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Table 6. Comparisons of pharmacokinetic parameters® for the two doses of budesonide and formoterol administered via one
pMDI and using repeated versus single-day dosing (study IV)

Parameter® Repeated dosing Single-dose Treatment comparisons,” mean ratio (90% CI)
BUD/FM pMDI BUD/FM pMDI BUD/FM pMDI BUD/FM pMDI BUD/FM pMDI
2x160/4.5ug b.id. 4x160/45ug bid. 4x160/45pngsd. 4x160/4.5ug b.id. 4x160/4.5ug b.id.
vs BUD/FM pMDI vs BUD/FM pMDI
2 x160/4.5pg b.id. 4 x160/4.5pg s.d.
Budesonide

AUC, nmol.h/1
Cimax, nmol/1
tis2,h

Formoterol
AUC, pmol.h/1
Cmax, pmol/1
ti/2 h

4.2 (4.0-4.5)
1.2 (1.1-1.3)
4.0 (3.8-4.3)

151.7 (145.2-158.4)
47.7 (44.5-51.1)
6.9 (6.3-7.7)

8.8 (8.3-9.3)
24 (2.2-2.6)
3.8 (3.5-4.0)

356.7 (341.4-372.6)
104.6 (97.6-112.1)
7.0 (6.3-7.7)

7.3 (6.9-7.7)
2.1 (1.9-2.3)
3.7 (3.5-4.0)

256.4 (245.4-267.8)
77.0 (71.8-82.5)
5.3 (4.8-5.8)

104.3 (96.6-112.6)
100.4 (90.0-112.0)
93.6 (85.5-102.4)

117.6 (110.5-125.1)
109.7 (99.4-121.0)
100.0 (87.0-115.0)

121.2 (112.2-130.8)
115.6 (103.6-128.9)
100.9 (92.2-110.4)

139.1 (130.8-148.0)
135.8 (123.1-149.8)
131.2 (114.2-150.8)

pMD], pressurized metered-dose inhaler; CI, confidence interval; BUD, budesonide; FM, formoterol; b.i.d., twice daily; s.d., single dose; AUC, area

under the plasma concentration versus time curve; Cpay, maximum plasma concentration; ¢, /,, elimination half-life.

“Values represent geometric means for all parameters; comparisons are shown as percentages based on adjusted mean or ratio (90% confidence

interval).

bDose—adjusted AUC and Cp,yx values are used in treatment comparisons.

€0-12h for b.i.d. dosing, 0-c0 for single dosing.

cramps, palpitations and decreased serum potas-
sium [21]. In both cases, these concerns are
reduced by the favorable pharmacokinetics
achieved with inhalation therapy, which delivers
medication directly to the lungs with minimal
systemic exposure [24,25]. Both budesonide and
formoterol, delivered separately, are efficacious
and have acceptable tolerability [26-28]. The
present studies, the first to explore the pharma-
cokinetics of budesonide and formoterol admi-
nistered together in one pMDI in healthy adults,
are critical in determining the systemic exposure,
one important determinant for the safety profile
of this combination product.

The similarity of pharmacokinetic parameters
for budesonide and formoterol administered
simultaneously with separate inhalers and as
individual monocomponents demonstrated in
Study I indicates that there is no pharmacokinetic
interaction between budesonide and formoterol.
These results also suggest consistent dose deliv-
ery from the investigated drug formulations on
the different experimental days. The lack of
pharmacokinetic interactions between budeso-
nide and formoterol is in line with previous
studies of budesonide/formoterol DPI [20]. Our
findings complement those reported by Cazzola
and colleagues, in which improvements in lung
function were observed with formoterol/bude-

Copyright © 2008 John Wiley & Sons, Ltd.

sonide DPI compared with formoterol DPI alone
without a concomitant modification of heart rate,
indicating a lack of interaction of formoterol and
budesonide translating to a systemic effect [29].
A lack of pharmacokinetic interaction also has
been observed with another -corticosteroid/
LABA combination, salmeterol and fluticasone,
when administered using a DPI [30].

Study II demonstrated that systemic exposure
to budesonide from the combination pMDI was
nearly identical to that from the budesonide
pMDI, which had the same formulation with the
exception of formoterol. Systemic exposure
(AUC) to formoterol from the combination pMDI
was about 20% lower than that from the
formoterol DPIL. In contrast, Houghton and
colleagues reported similar systemic absorption
of formoterol with both pMDI and DPI admin-
istration, resulting in similar systemic effects [31].

The estimate of the late elimination half-life for
formoterol in Studies I and II (~ 6 h) was shorter
than those observed in Study III (~8h), which
was based on a longer 24-h plasma sampling.
While plasma concentrations were quantifiable
for the full 12-h sampling period, the interval
may have been too short to obtain an accurate
estimate of the late elimination half-life. An
underestimated late elimination half-life and
large extrapolated area also might be expected
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to result in a lower estimate of total AUC.
However, treatments in each study had similar
AUCy_~, values, implying that any systematic
underestimation was uniform. The treatment
ratios for AUCy_ (data not shown) and Cg,,,
both based on actual measurements without
extrapolation, were very similar to the treatment
ratios for AUC,_,, suggesting that the influence
of any underestimation was probably small
Finally, formoterol data from two different
methods in Study II (48-h urine sampling and
12-h plasma sampling) were similar, suggesting
that the plasma-based estimates of formoterol
bioavailability were valid.

In Study III, the pharmacokinetic parameters
for formoterol were calculated using measure-
ments from 0 to 12h (data not shown), as well as
from 0 to 24 h, to compare the effect of sampling
time on the pharmacokinetic parameters. The
results show that the AUC wvalues, whether
calculated from values up to 12-h or up to 24-h,
were comparable for all budesonide/formoterol
pMDI formulation strengths, with 90% Cls with-
in the established bioequivalence limits. How-
ever, as expected, the estimate of the Ilate
elimination half-life was shorter for all treat-
ments using the 0 to 12h data (~5h) compared
with the 0 to 24-h data (~8h). This also is
consistent with results of Studies I, II and 1V, in
which values for the formoterol late elimination
half-life derived from 12-h plasma sampling were
all lower than that derived from 24-h plasma
sampling in Study III. Although a compartmental
analysis was not performed in the present
studies, two elimination phases for formoterol
metabolites were observed in a study by Rosen-
borg et al., which evaluated the metabolism of
formoterol after combined intravenous and oral
administration [32].

Pharmacokinetic dose proportionality after
treatment with budesonide/formoterol pMDI
was examined in Studies IIl and IV. In Study
III, the formulation strength of budesonide was
varied, while the formoterol dose was kept
constant. For budesonide, the 90% CI for the
treatment comparison ratios of the dose-adjusted
AUC_~, were within the established bioequiva-
lence limits for adjacent doses (12 inhalations of
40/4.5pg vs 80/4.5ug or 12 inhalations of 80/
4.5pg vs 160/4.5 pg), indicating that the plasma

Copyright © 2008 John Wiley & Sons, Ltd.

concentration of budesonide changed in propor-
tion with the nominal delivered dose for two
adjacent formulation strengths. A more thorough
assessment of proportionality across the three
treatments demonstrated that AUC,_., increased
in proportion with FPD, but slightly less than
proportionally with the nominal delivered dose.
However, the fine particle dose may be more
appropriate than the nominal dose in assessing
dose proportionality, as it is more representative
of the dose delivered to the lungs [33] and
because most of the drug that is swallowed
undergoes first-pass metabolism and is not
absorbed into the systemic circulation [34]. The
AUCy_,, of formoterol was similar across the
three budesonide formulation strengths, with
90% ClIs of the mean treatment comparison ratios
for AUCy_, and C,.x within established bio-
equivalence limits. These data indicate that
switching between formulation strengths with
varying doses of budesonide has no effect on the
plasma concentration of formoterol.

In Study 1V, comparing twice-daily dosing over
5 days with four inhalations of budesonide/
formoterol pMDI 160/4.5 g versus two inhala-
tions of budesonide/formoterol pMDI 160/
4.5pg, the dose-adjusted AUCy 12n and Chax
ratios for budesonide were within the bioequi-
valence limits, indicating proportionality. These
data demonstrate that an increase in dose of
budesonide/formoterol pMDI from two to four
inhalations would coincide with an increase in
systemic exposure to budesonide proportional to
the dose. These results are consistent with those
of Kaiser et al. who demonstrated that plasma
budesonide concentrations were proportional to
the administered dose after single and multiple
doses of budesonide DPI 400ug twice daily,
800 g twice daily and 1600 pg twice daily in
adults with mild asthma [14]. For formoterol in
Study IV, the 90% CI for the dose-adjusted
AUCy 121, ratios (four vs two inhalations) fell just
outside the bioequivalence limits (125.1%), but
Cmax fell within the bioequivalence limits. The
difference in dose-adjusted AUC(_1», may be due
to plasma concentrations falling below the LOQ
for some subjects before 12h with the low-dose
treatment, probably resulting in a slight under-
estimation of AUC_121, relative to the high-dose
treatment.
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Study IV also included a comparison of single
and repeated dosing with budesonide/formoter-
ol pMDI. Increased systemic exposure with
repeated dosing in Study IV was also reflected
in R,., which was 132% for budesonide and 177%
for formoterol. The results with budesonide are
consistent with previous findings [14], and the
accumulation ratio for formoterol is similar to
that reported for patients with asthma (163% to
208%) based on urinary formoterol excretion
observed with another marketed version of
inhaled formoterol (Foradil® Aerolizer®, Novar-
tis Pharma AG, Basel, Switzerland) [35].

The pharmacokinetic data for budesonide/
formoterol pMDI suggest no additional safety
concerns over that observed when the individual
components are administered concomitantly via
separate inhalers or alone.

In summary, the four studies presented here
demonstrate that there is no pharmacokinetic
interaction between budesonide and formoterol
when delivered concomitantly via two inhalers
or individually as monocomponents. In addition,
systemic exposure to budesonide from the
combination pMDI was similar to that from
budesonide pMDI, and the systemic exposure
after an increase in budesonide dose was well
correlated to the increases in fine particle dose.
Systemic exposure to formoterol from the combi-
nation pMDI was about 20% lower than that
from the formoterol DPI. The studies also
indicate comparable bioavailability of formoterol
when administered via three different formula-
tion strengths of budesonide/formoterol pMDI.
Finally, the studies suggest that an increase in
dose of budesonide/formoterol pMDI from two
to four inhalations would coincide with an
increase in systemic exposure proportional to
the dose.
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