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Can Pharmacokinetic Studies Assess the Pulmonary Fate of Dry Powder Inhaler
Formulations of Fluticasone Propionate?
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Abstract. In the context of streamlining generic approval, this study assessed whether
pharmacokinetics (PK) could elucidate the pulmonary fate of orally inhaled drug products
(OIDPs). Three fluticasone propionate (FP) dry powder inhaler (DPI) formulations (A-4.5,
B-3.8, and C-3.7), differing only in type and composition of lactose fines, exhibited median
mass aerodynamic diameter (MMAD) of 4.5 μm (A-4.5), 3.8 μm (B-3.8), and 3.7 μm (C-3.7)
and varied in dissolution rates (A-4.5 slower than B-3.8 and C-3.7). In vitro total lung dose
(TLDin vitro) was determined as the average dose passing through three anatomical mouth-
throat (MT) models and yielded dose normalization factors (DNF) for each DPI formulation
X (DNFx = TLDin vitro,x/TLDin vitro,A-4.5). The DNF was 1.00 for A-4.5, 1.32 for B-3.8, and
1.21 for C-3.7. Systemic PK after inhalation of 500 μg FP was assessed in a randomized,
double-blind, four-way crossover study in 24 healthy volunteers. Peak concentrations (Cmax)
of A-4.5 relative to those of B-3.8 or C-3.7 lacked bioequivalence without or with dose
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normalization. The area under the curve (AUC0–Inf) was bio-IN-equivalent before dose
normalization and bioequivalent after dose normalization. Thus, PK could detect differences
in pulmonary available dose (AUC0–Inf) and residence time (dose-normalized Cmax). The
differences in dose-normalized Cmax could not be explained by differences in in vitro
dissolution. This might suggest that Cmax differences may indicate differences in regional lung
deposition. Overall this study supports the use of PK studies to provide relevant information
on the pulmonary performance characteristics (i.e., available dose, residence time, and
regional lung deposition).

KEY WORDS: bioequivalence of generic inhaled drugs; dry powder inhalers; fluticasone propionate;
pharmacokinetics; regional lung deposition.

INTRODUCTION

To date, only one generic dry powder inhaler (DPI)
product is available on the US market, in part due to
challenges related to establishing equivalence for regulatory
approval of complex, locally acting generic DPI products. For
DPI products, in vitro studies (for equivalence in product
performance) and in vivo studies (pharmacokinetic [PK] for
equivalence in systemic exposure and comparative clinical
pharmacodynamic [PD] or endpoint for equivalence in drug
delivery at the sites of action) are recommended. This is in
addition to formulation sameness (Q1 and Q2, i.e., the same
inactive ingredients [Q1] and at the same concentration ± 5%
as the reference product [Q2]) and device similarity, within
the current weight-of-evidence approach (1–3). The main
rationale for this rather complex approval pathway for DPI
products is that plasma concentrations are downstream of the
lung (i.e., the organ to which the drug is delivered to).
Therefore, comparative clinical (PD or endpoint) studies are
currently recommended by the US FDA to directly assess
equivalence in local drug delivery for DPI products.

Comparative clinical (PD or endpoint) studies are
generally less sensitive to product differences than PK
studies, because of the flat dose-response relationships,
especially for inhaled corticosteroids (4). Such comparative
clinical (PD or endpoint) studies are further a challenge to
pass because of the large inter- and intra-subject variabilities
associated with these studies and the need to show equiva-
lence of the effect (contrary to clinical studies of new drugs in
which they “only” have to show efficacy against placebo) (5).
The complexity, large sample size, long time required to
perform these studies, the financial burden, as well as the
associated risk of failing have been recognized by stake-
holders. This has led FDA to perform research within the
Critical Path Initiatives and the Generic Drug User Fee
Amendments (GDUFA) Regulatory Science Program to
evaluate alternative methodologies for establishing bioequiv-
alence (BE) of OIDPs (6, 7).

An ideal alternative method to comparative clinical (PD
or endpoint) studies needs to be able to evaluate three key
in vivo performance measures of OIDPs—(i) the dose
available to the lung, (ii) the time the drug stays in the lung
(i.e., the pulmonary mean residence time), and (iii) the
regional lung deposition (i.e., where the drug “lands” in the
lung) (8). Prior PK simulations (9) suggest that PK studies
should be able to detect differences in the pulmonary
available dose (i.e., the amount of drug absorbed from the
entire lung into the systemic circulation) by comparing the
area under the plasma concentration time curves (AUC0–Inf)

and the peak plasma concentration (Cmax) of test (T) and
reference (R) products. Likewise, for typical drug-lactose
inhalation powder dosage forms, differences in the pulmonary
residence time should be detectable from plasma Cmax and
time to reach Cmax (Tmax). The pulmonary residence time is
an important metric for the degree of pulmonary targeting
(10), e.g., related to differences in dissolution rates of T and R
products. Further, for slowly dissolving drugs, differences in
dissolution rate might also result in differences in AUC,
because more slowly dissolving drugs are expected to be
more efficiently removed from the central lung through
mucociliary clearance. As differences in dissolution rate affect
AUC and Cmax, the DPI formulation development in this
study sought to ensure that dissolution properties were
constant across the DPI formulations.

For slowly dissolving drugs, such as lipophilic corticoste-
roids (11), these PK simulations further supported the
hypothesis that a formulation which deposits drug particles
more centrally yields a smaller AUC0–Inf, even though
comparing two formulations that provide the same dose to
the lung. This is caused by the central regions of the lung
being protected by mucociliary clearance as an innate defense
mechanism (9) for removal of solid particles. Thus, if slowly
dissolving drug particles are deposited more centrally, they
will be more efficiently removed by mucociliary clearance.
This results in a more efficient removal of a fraction of the
centrally deposited dose, a decreased extent of absorption,
and a smaller AUC0–Inf when compared to more peripherally
depositing formulations. Moreover, differences in regional
deposition may also affect Cmax, as transcellular absorption of
lipophilic drugs is assumed to be faster from the peripheral
lung due to a larger surface area, more pronounced perfusion,
and thinner epithelial membranes (12).

To test experimentally whether PK can detect differences
in regional deposition, three carrier-based dry powder inhaler
(DPI) formulations of fluticasone propionate (FP) were
designed to achieve deposition in different regions of the
lung (i.e., central vs. peripheral), but providing similar lung
doses (i.e., similar amounts of drug depositing in the lung).
All three DPI FP formulations were prepared using the same
batch of API (FP) to achieve similar dissolution rates for all
three formulations. These DPI FP formulations were cGMP
manufactured and thoroughly characterized by multiple
in vitro tests, followed by a randomized, double-blind, four-
way crossover PK study in 24 healthy volunteers. For the
lipophilic model drug FP, this study indicated that PK may be
able to provide pertinent information related to the three key
questions for assessing equivalence in drug delivery at the
sites of action of OIDPs.
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MATERIALS AND METHODS

Preparation of FP DPI Formulations

Four different inhalation grades of lactose were obtained
from DFE Pharma (Goch, Germany). Respitose SV003
served as a coarse lactose carrier for all three DPI FP
formulations (median particle diameter, D50: 63.6 μm), while
micro-fine lactose LH300 (D50 < 5 μm) and two different
grades of milled lactose fines (LH230 (D50 < 10 μm) and
LH201 (D50: 20–25 μm)) were used to control the agglom-
eration behavior and thus the fine particle characteristics. A
single batch of micronized FP (volume-weighted median
diameter of 2.1 μm and 90% undersized particle size of 4.0
μm, obtained from Perrigo API Ltd, Bnei Brak, Israel) was
used for all DPI formulations. All other chemical compounds
were of analytical grade.

DPI formulation batches of 150 g were prepared by
Catalent (Morrisville, NC, USA) under current Good
Manufacturing Practice (cGMP) conditions. A series of
lactose pre-blends were prepared and subsequently blended
with FP (formulation A, LH201, SV003, and FP at concen-
trations of 19.8, 79.4, and 0.8 wt.%, respectively; formulation
B, LH230, SV003, and FP at concentrations of 9.9, 89.3, and
0.8 wt.%; formulation C, LH300, SV003, and FP at concen-
trations of 2.5, 96.7, and 0.8 wt.%) with the drug content
uniformity of the resulting FP-lactose blends, being measured
according to USP<905> (13). These formulations were
subsequently filled into size 3 hydroxypropyl methylcellulose
(HPMC) capsules either through manual hand-filling or using
a Quantos filling system to achieve a total capsule content of
100 μg FP in 12.4 mg of lactose carrier and subsequently
stored at room temperature in a climatized environment. As
the single dose for the PK study was five capsules (i.e., 5 x
100 μg FP), a total of five capsules were filled into high-
density polyethylene (HDPE) bottles (Wheaton, Part No. 06-
451-7) and individually foil-pouched (M-8407, 4 x 6”,
Pechiney Plastic Packaging).

In Vitro Characterization of FP DPI Formulations

Aerodynamic particle size distribution (APSD) of FP DPI
formulations was characterized according to USP<601> (14).
A next generation impactor (NGI), the compendial USP
induction port, pre-separator, and impactor stages were
coated with 1% glycerol in methanol. A flow rate of 60 L/
min was used in all NGI tests. Tests were performed with five
capsules containing FP formulations for a given NGI deter-
mination. After every NGI determination, the NGI was
disassembled, and each impactor stage (including the
capsule, device, USP induction port, and pre-separator) was
washed with mobile phase (as described below) and dissolved
in appropriately sized volumetric flasks for HPLC analysis. A
validated reversed phase HPLC/UV method (5 μm; Hypersil
C18 column, Thermo Scientific, acetonitrile:methanol:water
at ratio of 50:5:45 %v/v as mobile phase) was used for
quantification of FP with UV detection at 232 nm. The APSD
parameters (i.e., average of 3 to 5 NGI determinations per FP
DPI formulation) were determined after the release (5
months after manufacturing), after 1, 3, 9, 12, and 20 months
of storage at room temperature (25°C, 60% RH) and after 1

and 3 months of storage under accelerated conditions (40°C,
75% RH). MMAD and geometric standard deviation (GSD)
were calculated by using a web-based MMAD calculator (the
website was available during data analysis, but was recently
removed from the World Wide Web by the author). The
delivered dose through the NGI (DDNGI) was calculated as
the sum of deposited drug mass in the induction port, pre-
separator, and from stage 1 to micro-orifice collector (MOC).
The FPD < 3 (fine particle dose smaller than 3 μm) and FPD
< 5 (fine particle dose smaller than 5 μm) were obtained from
the cumulative aerosol size distributions using a Weibull
function for interpolation at 3 and 5 μm (15).

Realistic aerosol characterization made use of a combi-
nation of anatomical airway geometries of mouth-throat
(MT) models and inhalation profiles. The goal of these tests
was to determine the in vitro based total lung dose
(TLDin vitro) for each FP DPI formulation. The TLDin vitro

was subsequently used for dose normalization during the PK
data analysis to account for potential differences in the lung
doses received by the healthy volunteers when inhaling the
three FP DPI formulations. Therefore, dose normalization
factor (DNF) was determined for each formulation X as
DNFx = TLDin vitro,x/TLDin vitro,A-4.5. The realistic in vitro
aerosol characterization test (16, 17) was performed within 1
month after the completion of the PK study with three
anatomical MT models that were coated with silicone spray to
prevent powder re-entrainment. The three MT models (the
Virginia Commonwealth University (VCU) medium size (18),
the oropharyngeal consortium (OPC; Emmace Consulting
AB, Lund, Sweden) medium size (19), and the Alberta
Idealized Throat (AIT; Copley Scientific, Nottingham, United
Kingdom)) (20) were used along with an inhalation profile
that was representative of the average peak inspiratory flow
rate (PIFR) observed in the PK study population (120
L/min). The inhalation flow profile was characterized by a
peak inspiratory flow rate (PIFR) of 122.7 L/min, with a time
to PIFR of 0.5 sec, an inhalation time of 2.1 sec, an inhalation
volume of 2.7 L, and an average flow rate of 77 L/min (21).
Inhalation procedures were repeated for a given capsule to
mimic the PK study. While the AIT is only available in one
size, medium size VCU and OPC MT models were preferred
over the small or large sizes replica to allow more represen-
tative studies with “typical, average” MT geometries.

The TLDin vitro represented the amount of drug mass
passing through the MT model which was subsequently
collected on filter paper. FP was extracted from the filter
paper as previously described (16, 17). The amount of FP
collected on filter paper, deposited in the MT model
(obtained by washing the model with ethanol), and left in
the device (obtained by washing the device with ethanol) was
determined using a validated reversed phase HPLC/UV
method (Hypersil GOLD C18 column, 3 μm, 4.6x100 mm,
Thermo Scientific, acetonitrile:deionized water at a ratio of
60:40 %v/v as mobile phase, flow rate of 1.3 mL/min, UV
detection at 230 nm, and injection volume of 100 μL).
Calibration curves were linear from 0.2 to 10.0 μg/mL (r2 >
0.999). Experiments were performed for a given MT model
and FP DPI formulation in 5 replicates. Based on the results
generated with VCU, OPC, and AIT MT models, the average
ex-throat dose was calculated for each formulation X
(TLDin vitro,x). These average TLDin vitro,x estimates obtained
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for each formulation X were used to calculate the relative
dose normalization factors (TLDin vitro,x/TLDin vitro,A-4.5)
using the average TLDin vitro,x of formulation A-4.5
(TLDin vitro,A-4.5) as comparator.

Dissolution profiles for the collected respirable fraction
(equivalent to TLDin vitro determined as the total drug mass
passing through the MT model) of FP DPI formulations were
assessed with a recently described dissolution method (22).
An experimental set-up similar to that employed for estimat-
ing the TLDin vitro (described above) was used, with the
exception of utilizing a constant air flow rate of 60 L/min
rather than an inhalation profile and a filter holder that
accepted a 24-mm glass microfiber filter paper (pore size of
1.2 μm, Whatman GF/C™). The dry filter paper, containing
the deposited respirable fraction, was immediately trans-
ferred face up to the donor compartment of a Transwell®
system (a six-well 24-mm Transwell® plate with 8 μm pore
polycarbonate membrane inserts). The transferred samples
were processed as described previously (23) using 0.5%
Tween 80 in water (pH 7.4) as dissolution medium (with 1.4
mL in the receptor and 0.5 mL in the donor compartment)
and frequent serial sampling/replenishment of 0.5 mL over 24
h. Drug content was assayed by reversed phase HPLC, as
described previously (23).

In addition, dissolution tests were performed with the
USP paddle apparatus. Drug particles collected in the same
way as described above were attached face up to a glass disk
and placed in the USP paddle apparatus (600 mL, 0.5%
Tween 80 [filtered through a Whatman GF/C filter], 80 RPM,
37°C, 2.5 cm distance between glass disk and paddle).
Samples (4 mL obtained after filtration through a poroplast
cannula filter FIL001-HR) were taken through serial
sampling/replenishment over 2 h and analyzed as described
above. Results were expressed as fraction of dissolved drug
over time. The mean dissolution time (MDT) was derived
from the fraction of undissolved drug vs. time profiles as the
ratio between area under the first momentum curve and the
area under the undissolved drug time curve (22, 24). In
addition to the MDT, the dissolution rate constant kd was
calculated for the USP experiments from the fraction of
undissolved drug vs. time profiles for the 3 to 30 min time
window. This assumed a linear relationship between the
logarithm of undissolved drug and dissolution time. The
results obtained from the USP experiments were further used
in the PK simulations described below.

Pharmacokinetic Study

Study Ethics. The PK study (ClinicalTrials.gov identifier
number NCT #01966692) was conducted in compliance with
Good Clinical Practice and the revised version of the
Declaration of Helsinki. An investigational new drug (IND)
application was approved by FDA (IND #123113). The study
was approved by both the University of Florida and FDA
Institutional Review Boards (UF-IRB and FDA-IRB, respec-
tively) and was performed at the University of Florida
Clinical and Translational Science Institute (UF-CTSI) clin-
ical research center.

Study Design. A single-center, double-blind, random-
ized, four-way crossover PK study in adult, healthy volunteers

with a washout period of at least 5 days. Each subject
received the FP DPI formulations (A, B, C, and CR which
was the replicate of C to assess intra-subject variability) in
separate study periods. As described in more detail below, on
a given study day, a total dose of 500 μg of FP, equivalent to 5
capsules each containing 100 μg FP, was administered.

Healthy male and female volunteers (18 to 50 years) with
a body mass index (BMI) of 18 to 29 kg/m2 were included.
Subjects were required to be non-smokers since at least 12
months with no history of respiratory disease or other
relevant conditions potentially affecting the study or PK
results. These conditions were identified from the medical
history, blood testing, physical examination, and electrocar-
diography. Subjects were required to have normal baseline
spirometry (FEV1 and FVC, both at least 90% of predicted)
as predicted by their age, sex, and height. Additionally, the
ratio of forced expiratory volume in 1 second and forced vital
capacity (FEV1/FVC), a ratio used in the diagnosis of
obstructive and restrictive lung disease, had to show a value
of at least 80% during the screening visit.

The main exclusion criteria were (i) intake of any
medication that had the potential to alter drug metabolism
via CYP3A4 within 2 weeks of dosing (e.g., azole antifungals
or rifampin), (ii) donation of 450 mL blood or more within 8
weeks before period 1, or (iii) any known sensitivity
(including allergies) to corticosteroids or the components of
the FP DPI formulations. In order to minimize variability,
subjects were trained by experienced clinical staff team
members during screening and at the beginning of each study
period using the Vitalograph Aerosol Inhalation Monitor
(AIM)TM. Subjects were required to demonstrate their ability
to properly use the DPI device at the screening visit and each
study visit.

Inhalation Profile Measurements. To enable recording
the inhalation profiles of all subjects during the PK study, the
capsule-based DPI device was modified by tightly attaching a
specially designed ring adaptor to the mouthpiece. This
adapter had an opening that was connected via silicone
tubing to a calibrated pressure transducer (Phidgets, Calgary,
Canada). The latter allowed digital recording of the pressure
drop profile over time (in millisecond resolution) which was
translated into inhalation flow rate profiles that were used to
calculate PIFR, time to PIFR, and inhalation volume.
Inhalation profiles were recorded for all subjects and all
inhalation steps (i.e., two inhalations per each capsule, five
capsules per study period, and four study periods).

Dosing. In addition to the inhalation training performed
at the screening visit, subjects were re-trained at each study
visit directly before dosing. Subjects inhaled subsequently the
powder content from five capsules, each capsule containing
100 μg FP, via the modified DPI Monohaler 8® (Plastiape,
Milan, Italy; for modifications, refer to the section “Inhalation
Profile Measurement”). After each inhalation, subjects held
their breath for 10 s (as per labeling of commercial fluticasone
propionate and salmeterol xinafoate inhalation powder). To
ensure complete dose delivery, each subject inhaled at least
twice from each capsule, and the complete emptying of the
capsule was assessed visually. In a few rare cases of visually
incomplete capsule emptying, subjects were asked to inhale
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from the unemptied capsule again. This inhalation steps
required at least 10 inhalations from each subject, which
typically took approximately 5 to 8 min.

Blood Sampling. Blood samples were taken using ethyl-
ene diamine tetra-acetic acid (EDTA) vacutainers within
30 min prior to the dosing and at 5, 10, 15, 20, 30, 45, 60 min,
1.5, 2, 3, 4, 6, 8, 10, 12, 14, and 24 h after the last inhalation of
the fifth capsule. All actual inhalation and blood sampling
times were recorded and used for PK data analysis. After
centrifugation, plasma samples were immediately frozen and
stored at −70°C until bioanalysis which happened after 2
months or sooner. Fluticasone propionate has been shown to
be stable under these conditions (25).

Bioanalysis. Fluticasone propionate concentrations in
plasma were quantified via a validated Liquid Chromatogra-
phy - tandem Mass Spectrometry (LC-MS/MS) assay at
Worldwide Clinical Trials (Austin, TX). The PK samples
containing fluticasone propionate and the internal standard
(i.e., deuterated FP, FP-D5) were extracted by liquid-liquid
extraction and analyzed by a Sciex API 6500 (MS/MS
transition: m/z 501.2 → 313.2). The inter- and intra-batch
precision and accuracy for the quality control samples (1.5 pg/
mL, 15 pg/mL, and 160 pg/mL) were both less than 15%. The
lower limit of quantification was 0.5 pg/mL.

Data Analysis. A non-compartmental PK data analysis
was performed using the Phoenix WinNonlin Professional
software (Certara, Princeton, NJ, USA) (24). The area
under the curve (AUC0–last) was calculated by the linear-
up/log-down rule, and the predicted plasma concentration
at the last time point was used to extrapolate the area
from this time point to infinity to calculate AUC0–Inf. The

Cmax, AUC0–last, and AUC0–Inf were reported with and
without dose normalization. Dividing Cmax, AUC0–last, and
AUC0–Inf estimates of a given FP DPI formulation X by
the dose normalization factor DNF (DNFx = TLDin vitro,x/
TLDin vitro,A-4.5) allowed us to calculate dose-normalized
PK parameter estimates. Statistical comparisons were
performed using analysis of variance on log scale with
treatment, period, sequence, and subject within sequence
as factors in the SAS software (version 9.4, SAS Institute
Inc., Cary, NC). Pair-wise treatment comparisons were
performed using Bonferroni-adjusted p values at the 5%
significance level. Bioequivalence demonstration was per-
formed for log-transformed Cmax and AUC0–Inf using the
established confidence interval limits of 80.00 to 125.00%.

PK Simulations. Assuming that dissolution is the rate-
limiting step for absorption (23), the potential effects of
differences in the dissolution rates of FP DPI formulations on
Cmax were assessed using an in silico PK simulation tool (26). A
two-compartment body model with first-order absorption
incorporated the PK parameters from this publication for FP
(Vc, 31 L; Vdss. 646 L; Vdarea, 1440 L; and a clearance (CL) of 73
L/h) and absorption rate constants (ka) of 1.0 through 1.55 h-1

(to mirror differences inMDTand kd, see also Table I). This PK
model and parameter estimates were employed to predict the
differences in Cmax when absorption rate differences were
caused by differences in the dissolution rates. We then
systematically varied the absorption rate constants and pre-
dicted the Cmax and the AUC0–Inf while keeping all other model
parameters constant. The model-predicted Cmax/AUC0–Inf ra-
tios were then compared to the observed Cmax/AUC0–Inf ratios
observed in the PK study. This ratio (i.e., Cmax normalized by
AUC0–Inf) accounts for differences in the absorbed dose and
therefore allowed us to study the impact of the absorption rate.

Table I. APSD Properties (Average of Samples Stored from 12 to 20 Months at Ambient Conditions (25°C, 60%) Within the Stability
Program) and Mean Dissolution Time of FP DPI Formulations Obtained from In Vitro Compendial NGI and Dissolution Testing, Respectively

Parameters FP DPI formulations

A-4.5 B-3.8 C-3.7

MMAD (μm) 4.50 (0.12) 3.78 (0.15) 3.72 (0.04)
GSD (μm) 1.89 (0.04) 2.01 (0.08) 2.05 (0.04)
FPD < 5μm (μg) 12.2 (1.0) 18.7 (0.9) 15.9 (0.9)
FPD < 3μm (μg) 5.28 (0.69) 9.98 (0.50) 8.60 (0.57)
NGI stages 2 to 3 (μg) 12.5 (0.7) 14.4 (1.3) 11.6 (0.6)
NGI stages 4 to 7 (μg) 4.83 (0.63) 9.37 (0.44) 8.17 (0.46)
FP left in capsule (μg) 15.3 (0.7) 6.87 (1.00) 5.08 (0.63)
FP left in device (μg) 12.0 (0.8) 7.52 (1.33) 6.79 (1.08)
DDNGI (μg) 67.8 (5.4) 81.2 (2.2) 82.2 (1.4)
Mean dissolution time, MDT Transwell (h) 12.2 (2.8) 10.4 (2.5) 8.5 (2.3)
MDT USP (min) 23.4 (0.4) 20.5 (0.3) 17.8 (0.3)
Dissolution rate (kd) USP (min-1) 0.049 (0.010) 0.055 (0.016) 0.076 (0.021)

MMAD mass median aerodynamic diameter, GSD geometric standard deviation, FPD fine particle dose, NGI next generation impactor, FP
fluticasone propionate, DD delivered dose. Values shown as mean (standard deviation) of n = 6 for A-4.5 and B-3.8 and n=5 for C-3.7 of
samples of FP DPI formulations stored at room temperature for 12 and 20 months, which covers the duration of the PK study. n = 6 for
dissolution experiments
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RESULTS

Formulation and In Vitro Assessment

Using the same batch of FP, but differing amounts and
particle size distributions of lactose fines, resulted in FP DPI
formulations differing in in vitro behavior. Drug content
uniformity of the resulting FP-lactose blends was 98.3 ± 1.7,
98.6 ± 2.1, and 95.9 ± 1.7% of label claim for formulations A,
B, and C, respectively. Compendial NGI assessments ob-
tained from 12 to 20 months after storage at room temper-
ature (25°C, 60% RH) (the PK study was performed between
these months) indicated that the MMAD of FP DPI
formulation A was 4.5 μm, larger than that of formulations
B (3.8 μm) and C (3.7 μm) (Fig. 1, Tables I and II).
Therefore, from now on, the FP DPI formulations are
reported by their MMAD values as A-4.5, B-3.8, and C-3.7.
In agreement with this finding, other fine particle–related
parameters (FPD < 5 μm, FPD < 3 μm) were smaller for
formulation A-4.5 than those for formulations B-3.8 and
C-3.7 (Table II) with stability of FPD<3 μm being similar to
the stability of the FPD<5 μm over the investigated 20
months stability program (Table II). The latter two formula-
tions showed similar APSD parameters (Table I). The
amount of drug deposited on NGI stages 2 and 3 was
relatively similar across the three formulations. However,
the much smaller amount of drug deposited on stages 4–7 and
MOC led to a larger MMAD for formulation A-4.5.

Stability tests over the 20-month period (Table II)
indicated that MMAD and DDNGI were comparatively stable
over time for all three formulations. A decrease by approx-
imately 20% (or less) was observed for the FPD < 5 μm and
mainly occurred during the early storage. Subsequently,
formulations remained relatively stable during the conduct
of the PK study period (i.e., between 12 and 20 months of the
stability program).

Experiments with Realistic, Anatomical MT Models and
Inhalation Profile

The TLDin vitro shown in Table III generated with three
realistic, anatomical MT models and one inhalation profile
differed between the FP DPI formulations, mirroring the
compendial results (e.g., FPD < 3 μm in Table I). However,
when results obtained with the three MT models were
compared directly, differences between the MT models were
observed. The TLDin vitro for formulation A-4.5 ranged from
9.24 (VCU) to 17.7 μg (OPC). Estimates ranged from 13.2
(AIT) to 20.2 μg (OPC) for formulation B-3.8 and from 13.0
(VCU) to 17.9 μg (OPC) for formulation C-3.7. Not only the
absolute amounts but also the ratios between the FP DPI
formulations differed between MT models. As an example,
the ratio of TLDin vitro between formulations A-4.5 and B-3.8
was 1.14 with the OPC MT model, whereas the VCU MT
model suggested a TLDin vitro ratio of 1.8. Therefore, in the
statistical analysis plan (SAP) of the PK study, it was pre-

Figure 1. APSD deposition profiles from compendial NGI in vitro testing (mean ± standard deviation of at least 5 replicates;
data combined from samples stored from 12 to 20 months at ambient conditions (25°C; 60% RH) which is a good
representation of the FP DPI formulations administered in the PK study). IP, induction port; PS, pre-separator; MOC,
micro-orifice collector
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specified that the final dose to be used in the PK data analysis
should be normalized based on the TLDin vitro average of the
three MT models for a given formulation. The observed
ratios were subsequently converted into dose normalization
factors (DNF); these factors were 1.00 for formulation A-4.5,
1.32 for B-3.8, and 1.21 for C-3.7 (Table III).

Dissolution Tests

Transwell®-based dissolution characterization showed
the slowest dissolution rate for FP DPI formulation A-4.5
(Fig. 2). The latter had, on average, an MDT of 12.2 h,
followed by formulations B-3.8 with an MDT of 10.4 h and
C-3.7 with 8.5 h (Table I). The MDT estimates and dissolution
rate constants obtained with the USP paddle apparatus
(Table I and Fig. 2) showed similar differences between the
FP DPI formulations with C-3.7 dissolving about 1.3–1.55 fold
faster than formulation C-3.7 (Table I).

Pharmacokinetic Study

Adult healthy volunteers (n=24) were dosed in the PK
study (see Table IV for demographics) and were trained on the
proper inhalation technique using the DPI device. There were
no drop-outs, and the FP DPI formulations were generally well

tolerated with no serious adverse event. Subject inhalation
profiles recorded during study visits showed a mean peak
inspiratory flow rate (PIFR) of 120 L/min (range: 65.2 to 167
L/min), mean time to PIFR of 0.33 s (range: 0.05 to 0.97 s), mean
inhalation time of 1.07 s (range: 0.39 to 2.11 s), and mean
inhalation volume of 1.46 L (range: 0.26 to 3.27 L).

The mean plasma concentrations (Fig. 3) were near-
identical for the FP DPI formulations B-3.8, C-3.7, and CR-
3.7 which led to closely comparable PK parameters for these
treatments (Table V). While terminal half-life was compara-
ble between all three formulations, the mean residence time
was slightly longer for formulation A-4.5. Formulation A-4.5
achieved considerably lower concentrations during the first
3 h and had smaller Cmax, AUC0–last, and AUC0–Inf before
dose normalization (Table V). Consequently, formulation
A-4.5 was determined to be bio-IN-equivalent for all three
PK parameters when data were not dose-normalized.

After dose normalization based on the DNF values, the
Cmax, AUC0–last, and AUC0–Inf of A-4.5 became more similar
to the other two FP DPI formulations (Table V). Dose-
normalized AUC0–last and AUC0–Inf passed bioequivalence
criteria, whereas dose-normalized Cmax continued to fail
bioequivalence (Table VI). We further calculated the Cmax/
AUC0–Inf ratios as an alternative approach to obtain dose-
normalized peak concentrations (exploratory, since it was not

Table II. APSD Parameters from Compendial NGI Testing of FP DPI Formulations Assessed During the Conduct of Stability Program

Parameter Formulation Storage condition Months after release of formulations

0 1 3 9 12* 20*
Mean (SD)

DDNGI (μg) A-4.5 25°C/60% 67.2 (1.8) 66.9 (2.2) 65.0 (1.6) 63.7 (2.5) 63.5 (1.9) 72.1 (3.6)
B-3.8 25°C/60% 83.6 (0.8) 77.6 (2.3) 80.9 (2.8) 78.3 (2.9) 81.0 (0.7) 81.4 (3.4)
C-3.7 25°C/60% 82.9 (1.4) 82.7 (0.6) 83.9 (2.2) 80.8 (3.2) 81.2 (0.3) 83.1 (1.3)
A-4.5 40°C/75% 68.2 (0.6) 67.0 (0.9)
B-3.8 40°C/75% 83.7 (0.9) 83.1 (2.9)
C-3.7 40°C/75% 83.1 (0.5) 82.9 (1.1)

FPD < 5 μm (μg) A-4.5 25°C/60% 14.7 (0.8) 15.1 (0.6) 13.4 (0.7) 12.5 (0.5) 12.0 (0.3) 12.4 (1.6)
B-3.8 25°C/60% 23.2 (0.5) 20.2 (0.9) 20.5 (1.6) 18.5 (0.8) 19.1 (1.1) 18.3 (0.7)
C-3.7 25°C/60% 18.7 (0.7) 18.7 (0.7) 18.6 (1.2) 15.8 (0.9) 16.1 (0.7) 15.6 (1.1)
A-4.5 40°C/75% 13.2 (0.2) 11.4 (0.5)
B-3.8 40°C/75% 21.4 (1.1) 19.4 (1.4)
C-3.7 40°C/75% 17.1 (0.6) 15.7 (1.0)

FPD < 3 μm (μg) A-4.5 25°C/60% 6.23 (0.40) 6.47 (0.17) 5.76 (0.26) 5.33 (0.26) 4.99 (0.12) 5.56 (0.96)
B-3.8 25°C/60% 12.8 (0.4) 10.7 (0.6) 10.7 (1.3) 9.63 (0.66) 9.83 (0.49) 10.1 (0.6)
C-3.7 25°C/60% 10.8 (0.3) 10.6 (0.4) 10.4 (0.5) 8.64 (0.52) 8.70 (0.23) 8.50 (0.78)
A-4.5 40°C/75% 5.26 (0.10) 4.53 (0.21)
B-3.8 40°C/75% 10.6 (0.9) 9.60 (0.91)
C-3.7 40°C/75% 9.19 (0.29) 7.79 (0.58)

MMAD (μm) A-4.5 25°C/60% 4.30 (0.12) 4.22 (0.04) 4.40 (0.07) 4.46 (0.27) 4.60 (0.00) 4.47 (0.15)
B-3.8 25°C/60% 3.54 (0.05) 3.60 (0.07) 3.78 (0.22) 3.60 (0.32) 3.90 (0.00) 3.63 (0.06)
C-3.7 25°C/60% 3.40 (0.07) 3.40 (0.07) 3.52 (0.04) 3.62 (0.22) 3.75 (0.07) 3.70 (0.00)
A-4.5 40°C/75% 4.64 (0.09) 4.86 (0.15)
B-3.8 40°C/75% 3.86 (0.09) 3.94 (0.05)
C-3.7 40°C/75% 3.60 (0.07) 3.90 (0.07)

Five capsules of each FP DPI formulation were assayed for the 0th, 1st, 3rd, and 9th month. Three capsules of FP DPI formulations A-4.5 μm and
B-3.8 μm and two capsules of C-3.7 μm were assayed for the 12th month. Three capsules of each FP DPI formulation were assayed for the 20th
month. *Averages of the 12th and 20th month results (n=5) were used to describe the FP DPI formulations during the PK study period
Samples stored under ambient (25°C, 60% RH) and accelerated conditions (40°C, 75% RH)
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described in the SAP). The Cmax/AUC0–Inf ratio of formula-
tion A-4.5 (derived from Cmax and AUC0–Inf estimates of
Table V before dose normalization) was approximately half
compared to the ratios of the other formulations. When we
employed a two-compartment body model for PK simula-
tions, the model predicted that a 1.3- to 1.55-fold increase in
the absorption rate constant (in accordance with the observed
differences in MDT or kd of Table I) would only result in a 19
to 34% increase in the Cmax/AUC0–Inf ratio.

DISCUSSION

This study was originally attempting to prepare FP DPI
formulations that were similar in delivered dose (DD),
dissolution kinetics, and pulmonary deposited dose, but
would differ in MMAD and, consequently, in regional lung
deposition. Our ultimate goal was to investigate whether PK
is able to distinguish between FP DPI formulations that differ
in regional deposition. We used DPI formulations instead of
nebulized formulations because of their relevance for bio-
equivalence assessments of oral inhalation products currently
of interest for the generic industry.

By using the same batch of FP (API) for all three
formulations, we further intended to ensure similar dissolu-
tion characteristics. This formulation strategy was intended to
facilitate testing of our hypothesis that DPI formulations of
slowly dissolving drugs that are deposited more centrally in
the lung achieve smaller Cmax and AUC0–Inf in plasma due to
a more extensive impact of mucociliary clearance. Thus,
AUC differences were hypothesized, even if these FP DPI
formulations would provide the same total lung doses.

Previous work (27–29) suggested that fine particle dose
(or fraction) and MMAD of DPI formulations may be
controlled by blending the API with different grades and
amounts of lactose fines. This affects the performance of
carrier-based DPI formulations by modulating the fluidization
and drug-lactose fine agglomerate formation (29–31). More
lactose fines increased the MMAD and FPD of budesonide
DPI formulations (27), while other studies suggested a
decrease in FPD and increase in MMAD when both the
amount of lactose fines and their particle size distribution
were increased, as reviewed by Peng and colleagues (32).

For the FP DPI formulations in the present study,
although challenging, we simultaneously modulated the
lactose fine content and their particle size to achieve, if

Table III. In Vitro Performance of FP DPI Formulations from Total Lung Dose (TLDin vitro) Collected Using Three Different Mouth-Throat
(MT) Models and One Inhalation Profile (IP)

Mouth-throat model Formulations FP retained in device (μg) FP deposited in MT (μg) TLDin vitro (μg) TLDin vitro ratioa

VCU medium (n=10) A-4.5 28.2 (3.5) 48.8 (5.1) 9.24 (1.34) 1.00
B-3.8 15.4 (2.3) 62.0 (1.5) 16.7 (1.9) 1.81
C-3.7 14.9 (2.1) 66.2 (2.6) 13.0 (1.6) 1.41

AIT (n=5) A-4.5 32.6 (1.9) 44.9 (2.4) 11.4 (1.0) 1.00
B-3.8 14.4 (1.3) 51.4 (6.5) 13.2 (2.0) 1.16
C-3.7 15.9 (5.8) 64.3 (6.6) 14.8 (2.4) 1.30

OPC medium (n=5) A-4.5 26.5 (4.2) 36.1 (2.4) 17.7 (1.0) 1.00
B-3.8 14.3 (2.7) 54.3 (0.2) 20.2 (1.7) 1.14
C-3.7 16.4 (6.9) 56.2 (7.7) 17.9 (1.7) 1.01

Average of three MT modelsb A-4.5 12.8 1.00
B-3.8 16.7 1.32
C-3.7 15.2 1.21

VCU medium, Virginia Commonwealth University medium MT model; AIT, Alberta Idealized MT model; OPC medium, oropharyngeal
consortium medium MT model. aReferred to as “dose normalization factor (DNF)” in the text. b Calculated as the ratio of the average of the
TLDin vitro from VCU, AIT, and OPC with FP DPI formulation A-4.5um being the reference
Values shown as mean (standard deviation) of n samples indicated below

Figure 2. Dissolution of FP DPI formulations. Percent dissolved (mean ± standard deviation) of FP
DPI formulations A-4.5, B-3.8, and C-3.7 using either the USP paddle apparatus (a) or the
Transwell® system (b)
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possible, a similar in vivo lung dose while at the same time
achieving differences in MMAD. We were only partially
successful as two of our three FP DPI formulations (B-3.8 and
C-3.7) had comparable MMADs (3.8 and 3.7 μm, respec-
tively), whereas the FP DPI formulation A-4.5 showed larger
MMAD (4.5 μm). However, based on in vitro surrogates of
lung dose (e.g., FPD<3μm in Table I or TLDin vitro in Table
III), formulation A-4.5 delivered less FP to the lung. The
MMAD estimates in Table I are likely to suggest to an
aerosol scientist that FP DPI formulations B-3.8 and C-3.7
might show a similar regional deposition pattern. In contrast,
the larger MMAD of formulation A-4.5 might indicate a
somewhat more central deposition. We thus achieved, at least
in part, the goal to provide FP DPI formulations that might
be suitable for probing whether PK is sensitive to differences
in regional deposition.

Overall, the FP DPI formulations were stable at room
temperature during the PK study period (from 12 to 20
months after storage at ambient conditions: 25°C, 60% RH;
Table II) with only slight changes in the FPD during early
storage (from 0 to 3 months at ambient conditions: 25°C, 60%
RH). Based on compendial NGI in vitro experiments, the FP
DPI formulation A-4.5 had a smaller DDNGI (Tables I and II)
than the other two formulations.

When considering the total dose delivered to the lungs,
parameters such as the FPD < 3 μm, FPD < 5 μm, and
TLDin vitro were assessed using the compendial NGI and the
realistic in vitro testing (Tables I and III). These parameters
also differed between the FP DPI formulations indicating that
the total lung dose may have differed between the formula-
tions in the PK study. To account for these differences in total
in vitro DD, dose normalization of the PK data analysis was
necessary. When evaluating regional dose delivery within the
lungs, results of cascade impactor studies might be worth-
while to be considered. The drug amount deposited on NGI
stages 2 to 3 (cut-off values are 4.46 and 2.82 μm, respec-
tively) was comparable between the formulations (Fig. 1,
Table I). This may indicate that similar doses might have
reached the central lung (although a fraction of stages 2–3

will be certainly deposited in the mouth and throat region).
Thus, similar amounts of FP from the DPI formulations might
be exposed to mucociliary clearance. In contrast, NGI stages
4 to 7 (cut-off values of stages 4, 5, 6, and 7 are 1.66, 0.94,
0.55, and 0.31 μm, respectively) showed considerably lower
amounts of drug deposition for formulation A-4.5 than those
for formulations B-3.8 and C-3.7. Differences in the MMADs
are associated predominantly with this fraction of the
generated aerosol.

The total in vitro lung dose (TLDin vitro) was subse-
quently determined using the three realistic, anatomical MT
models (16, 17, 33–35) and one inhalation profile. These
experiments indicated that TLDin vitro for a specific FP DPI
formulation, but also the TLD ratios between two formula-
tions, differed across the three MT models (Table III). Given
the anatomical differences incorporated into each MT model,
one might argue that differences between MT models likely
also exist across human volunteers. Thus, one might discuss
that a range of MT models might better capture “reality” for
BE purposes. Based on these considerations, the a priori data
analysis plan specified averaging the TLDin vitro (in μg) from
the three MT models and using the resulting ratios for dose
normalization of the PK study data. Considerable differences
between the TLDin vitro estimates for different MT models
introduced some uncertainty regarding the applied average
normalization factors. Therefore, conclusions based on the
dose-normalized BE results carry this uncertainty.

Such differences between MT models’ performance were
smaller in a study of budesonide DPIs (17), but our
observations were similar to those reported for a
suspension-based metered dose inhalers (36). Future
in vitro/in vivo correlations are warranted to elucidate the
differences in MT models’ performance. At this time,
considering the average of dose normalization factors ob-
tained with the three MT models (Table III) for adjusting
(i.e., dose normalizing) the PK parameters (Cmax, AUC0–last

and AUC0–Inf) seems a reasonable strategy to adjust for
differences in the pulmonary deposited dose between the FP
DPI formulations studied in this work.

For lipophilic drugs with low aqueous solubility such as FP,
the fate in the lung (i.e., where drug lands at the site of action in
the lung) and clinical efficacy are affected by its dissolution rate
(22, 37). These differed across the FP DPI formulations studied
in this work. As all three DPI formulations used FP (the API)
from the same supplier, same batch, and same particle size
distribution, different lactose fines caused the differences in
MDT with formulation A-4.5 being the slowest (Table I). This
suggested that lactose fines were responsible for a selective
modulation of the API particle surface, presumably due to
differences in the agglomerate microstructure. Thereby, lactose
fines affected both pre-deposition and post-deposition events.
This is important for interpretation of the Cmax differences, since
both slower dissolution and more central lung deposition may
lead to lower Cmax.

The design of the PK study allowed the assessment of
both between-subject variability (BSV) and within-subject
variability (WSV); the latter is not generally available from
conventional published literature on PK BE studies. In this
PK study, BSV was, on average, 33.5% for Cmax and 24.1%
for AUC0–Inf. The WSV had generally small coefficients of
variation (CV) of 28.7% for Cmax and 14.6% for AUC0–Inf.

Table IV. Subject Demographics of the PK Study

Characteristic Results

Age, years 23 (18–48)
Sex
Female (N) 13
Male (N) 11
Weight, kg 64.6 (50.2–75.1)
Height, cm 167 (155–180)
BMI, kg/m2 23.2 (18.6–28.8)
Study population (%)
Asian 33.3
African American 45.8
Caucasian 20.8
FEV1, L 3.46 (2.45–4.36)
FVC, L 3.98 (2.75–5.17)
FEV1/FVC 0.86 (0.81–0.93)

BMI body mass index, FEV1 forced expiratory volume in 1 second,
FVC forced vital capacity. Data in parenthesis represent range (min–
max). N stands for number of subjects that completed the PK study
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The intensive oral inhalation training of the healthy subjects
by experienced, well-trained clinical staff team members; the
strategy of at least two inhalations per capsule; and the ease
of use of the DPI device likely contributed to these small
variabilities. This yielded reproducible peak inspiratory flow

rates across the 988 profiles (PIFR= 120 L/min, CV% 16.2%)
collected during the conduct of PK study. The WSVestimates
for AUC in this PK study were considerably smaller than few
available WSV estimates for salbutamol (WSV: 32–52%) (38)
or insulin (27%) (39). Knowledge of WSV under these

Figure 3. Plasma concentrations (mean ± standard deviation of FP DPI formulations
A-4.5, B-3.8, and C-3.7 after (a) and before (b) dose normalization using TLDin vitro. The
insets show the first 4 h on linear scale
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optimized conditions will be helpful for the design of future
PK BE studies.

The FP DPI formulation A-4.5 had the smallest
TLDin vitro, slowest dissolution rate, and lowest Cmax and
AUC0–Inf (Fig. 3, Table V). In contrast, the more similar
in vitro deposition attributes for the FP DPI formulations
B-3.8 and C-3.7 resulted in comparable PK properties of
these two formulations. The Cmax occurred later for the FP
DPI formulation A-4.5 supporting the notion of a longer
MRT (Table V). This could have been caused by either a
slower dissolution (due to potential differences in formulation

microstructure, e.g., API-API vs. API-lactose agglomerates)
or more central lung deposition of FP DPI formulation A-4.5.
Given the same average terminal half-life for all formulations,
the mean absorption time was likely longer for formulation
A-4.5 compared to the other two formulations. Moreover,
absorption of FP was found to be slower from the more
central bronchiolar and bronchial airways in an animal model
(10, 40). Without dose normalization, the present results
support previous simulation work (9) in the context that a PK
study should be able to detect differences in pulmonary
available dose (AUC0–Inf) and pulmonary residence time

Table V. Non-compartmental PK Parameter Estimates for Fluticasone Propionate (FP) in Plasma

PK parameters Unit FP DPI formulations

A-4.5 B-3.8 C-3.7 C-3.7 (repeated)

Before dose normalization
t1/2 h 10.3 (5.74–17.6) 10.3 (6.88–13.4) 9.75 (6.33–15.6) 10.1 (6.74-19.9)
Tmax h 0.51 (0.18–1.60) 0.33 (0.17–1.10) 0.30 (0.17–1.08) 0.27 (0.17-1.10)
MRT h 11.6 (6.46–18.1) 9.47 (7.07–13.7) 9.41 (6.23–13.7) 9.49 (6.28-16.5)
Cmax pg/mL 119 [100, 143] 286 [239, 342]* 275 [230, 329]* 308 [258, 368]*
AUC0–last pg.h/mL 658 [585, 740] 921 [819, 1036]* 868 [772, 977]* 907 [806, 1021]*
AUC0–Inf pg.h/mL 782 [696, 878] 1,040 [926, 1168]* 980 [873, 1101]* 1,035 [922, 1163]*
After dose normalization based on TLDin vitro

Cmax pg/mL 119 [100, 143] 217 [182, 260]* 227 [190, 271]* 254 [213, 304]*
AUC0–last pg.h/mL 658 [585, 740] 700 [622, 787] 716 [636, 805] 748 [665, 841]*
AUC0–Inf pg.h/mL 782 [696, 878] 790 [703, 888] 808 [719, 908] 853 [760, 959]

t1/2 terminal half-life,Tmax time to peak concentrations,MRTmean body residence time,Cmax observed peak concentration in plasma,AUC0–last area
under the plasma concentration time curve from time zero until the last observed plasma concentration, AUC0–Inf area under the plasma
concentration time curve from time zero until time infinity. *Significantly different (p<0.05) from the estimate for FP DPI formulation A-4.5
Data represent median (min-max) or geometric mean [90% CI]

Table VI. Bioequivalence Results Before and After Dose Normalization Using TLDin vitro.

Before dose normalization FP DPI formulations Geometric mean ratio (test/reference)

Reference Test Point estimate 90% confidence interval

Cmax A-4.5 B-3.8 2.39 (2.09–2.74)#

A-4.5 C-3.7 2.30 (2.01–2.64)#

A-4.5 CR-3.7 2.58 (2.25–2.96)#

AUC0–last A-4.5 B-3.8 1.40 (1.31–1.50)#

A-4.5 C-3.7 1.32 (1.23–1.41)#

A-4.5 CR-3.7 1.38 (1.29–1.48)#

AUC0–Inf A-4.5 B-3.8 1.33 (1.24–1.43)#

A-4.5 C-3.7 1.25 (1.17–1.35)#

A-4.5 CR-3.7 1.32 (1.23–1.42)#

After dose normalization DPI formulations Geometric mean ratio (test/reference)
Reference Test Point estimate 90% confidence interval

Cmax A-4.5 B-3.8 1.82 (1.59–2.08)#

A-4.5 C-3.7 1.90 (1.66–2.17)#

A-4.5 CR-3.7 2.13 (1.86–2.44)#

AUC0–last A-4.5 B-3.8 1.06 (0.99–1.14)
A-4.5 C-3.7 1.09 (1.02–1.16)
A-4.5 CR-3.7 1.14 (1.06–1.22)

AUC0–Inf A-4.5 B-3.8 1.01 (0.94–1.08)
A-4.5 C-3.7 1.03 (0.96–1.11)
A-4.5 CR-3.7 1.09 (1.02–1.17)

#Not bioequivalent (90% confidence interval outside the 80.00 to 125.00% limits)

   48 Page 11 of 14The AAPS Journal          (2021) 23:48 



(Cmax, Tmax). These are two important factors relevant for the
BE assessment of OIDPs.

As pre-specified in the SAP of the PK study, the PK data
were normalized for differences in TLDin vitro to probe
whether dose-normalized AUC0–Inf and Cmax are sensitive
to differences in the regional deposition. However, this was
hampered by uncertainty regarding the DNF due to differ-
ences in TLDin vitro estimates from the three MT models
(Table III). Previous simulation work (9, 41) and PK studies
in asthmatic subjects (11) supported the hypothesis that more
centrally deposited FP should result in a smaller AUC0–Inf

since undissolved particles would be more efficiently removed
through mucociliary clearance from the central portions of
the lung. When using the DNF derived from TLDin vitro

estimates (the TLDin vitro average of the three MT models
was used, Table III), the FP DPI formulation A-4.5 still
showed a trend towards an approximately 10% smaller
AUC0–Inf compared to the other two formulations. However,
these differences were not statistically significant, and formu-
lation A-4.5 was found bioequivalent to formulations B-3.8
and C-3.7 for AUC0–Inf (Table VI). This might indicate that
the difference in the MMAD was not sufficient and/or that
the dose adjustment method (average of the three anatomical
MT models) was not fully accurate.

We further hypothesized that differences in the regional
lung deposition may be indicated by different dose-
normalized Cmax estimates, as a more central deposition
would result in a slower absorption and lower Cmax. The FP
DPI formulation A-4.5 yielded substantially lower Cmax, and
this difference remained after dose normalization. We believe
that these Cmax differences were caused by a slower
dissolution rate of formulation A-4.5 (Table I) due to
potential differences in the formulation microstructure of
agglomerated particles and its effects on dissolution relevant
to API surface area. However, the impact of a slower
dissolution rate for the FP DPI formulation A-4.5 was found
to be too small to adequately explain the observed differences
in dose-normalized Cmax (42). Future physiologically based
pharmacokinetic (PBPK) and population PK (popPK) model-
ing analyses are warranted to further investigate these factors.
However, even without such advanced modeling analyses,
some useful conclusions can be drawn.

The MDT of FP DPI formulation A-4.5 was 1.3 fold longer
than that of formulation C-3.7, the formulation dissolving the
fastest. Considering a direct relationship between MDTand mean
absorption time (MAT) for slowly dissolving inhaled corticoste-
roids (22), one could ask how much higher the Cmax would be if
formulation A-4.5 would be absorbed with the absorption/
dissolution rate of formulation C-3.7. We assumed that dissolution
was the rate-limiting step for pulmonary absorption. We then
considered the differences in MDT between FP DPI formulations
A-4.5 and C-3.7 (Table I; MDT-USP: 23.4/17.8 = 1.3; MDT-
Transwell: 12.2 h/8.5 h = 1.4) or the different kd estimates obtained
from the USP paddle apparatus (0.076 h-1/0.049 h-1 = 1.55). The
two-compartment PK simulations module for FP (see “MATE-
RIALS ANDMETHODS”) was used to predict what Cmax could
be expected for FP DPI formulation A-4.5 if dissolution would
occur at the rate as that observed for formulation C-3.7. In this
simulation, Cmax was predicted to increase only by 19 to 34%. This

suggested that the much more pronounced Cmax differences after
dose normalization (1.9 or 1.8 fold larger estimate for formulations
B-3.8 and C-3.7 compared to that of A-4.5) might be related to
differences in regional lung deposition. This would be in agreement
with our hypothesis that less drug was delivered by formulation
A-4.5 to the more permeable peripheral parts of the lung (43).
Future detailed analyses leveraging PBPK and popPK modeling
are warranted to further underpin this hypothesis.

CONCLUSION

In this work, supported by in vitro experiments that charac-
terized the TLDin vitro and dissolution rate of three FP DPI
formulations, non-compartmental analysis indicated that PK was
able to identify differences in the (1) pulmonary deposited dose
before dose normalization and (2) pulmonary residence time after
dose normalization (Cmax/DNF, Tmax). The hypothesis that PK can
identify differences in the regional lung deposition through
comparisonofAUCestimateswas hamperedbynot fully achieving
the intended FP DPI formulation properties (i.e., same lung dose
and same dissolution rate but with distinct differences inMMAD).
We further observed difficulties in determining reliable pulmonary
deposited dose estimates through in vitromethods. Thus, theAUC-
based evaluations are not definitive at this stage. The performed
PK simulations might indicate that differences in exposure (i.e.,
AUC0–Inf) adjusted Cmax values might not be solely explained by
the observed dissolution rate differences for the three FP DPI
formulations evaluated in this work. However, a more detailed,
future analysis of the data will need to be performed to further
strengthen the hypothesis that Cmax is sensitive to differences in
regional pulmonary deposition. In summary, PK has the potential
to provide supportive insights on pulmonary performance charac-
teristics of OIDPs (i.e., available dose, residence time, and, with
reasonable likelihood, also regional deposition).While these results
support generic drug development and BE evaluation of OIDPs,
furthermodeling analyses supporting this conclusion arewarranted
and will be presented in future communications.
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