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Abstract

This study aimed to gain an in-depth understanding of the pulmonary fate of three experimental fluticasone propionate
(FP) dry powder inhaler formulations which differed in mass median aerodynamic diameters (MMAD; A-4.5 um, B-3.8 um
and C-3.7 um; total single dose: 500 pg). Systemic disposition parameter estimates were obtained from published pharma-
cokinetic data after intravenous dosing to improve robustness. A biphasic pulmonary absorption model, with mucociliary
clearance from the slower absorption compartment, and three systemic disposition compartments was most suitable. Rapid
absorption, presumably from peripheral lung, had half-lives of 6.9 to 14.6 min. The peripherally deposited dose (12.6 pg)
was significantly smaller for formulation A-4.5 um than for the other formulations (38.7 and 39.3 pg for B-3.8 um and
C-3.7 um). The slow absorption half-lives ranged from 6.86 to 9.13 h and were presumably associated with more cen-
tral lung regions, where mucociliary clearance removed approximately half of the centrally deposited dose. Simulation-
estimation studies showed that a biphasic absorption model could be reliably identified and that parameter estimates were
unbiased and reasonably precise. Bioequivalence assessment of population pharmacokinetics derived central and periph-
eral lung doses suggested that formulation A-4.5 um lacked bioequivalence compared to the other formulations both for
central and peripheral doses. In contrast, the other fomulations were bioequivalent. Overall, population pharmacokinetics
holds promise to provide important insights into the pulmonary fate of inhalation drugs, which are not available from non-
compartmental analysis. This supports the assessment of the pulmonary bioequivalence of fluticasone propionate inhaled
formulations through pharmacokinetic approaches, and may be helpful for discussions on evaluating alternatives to clinical
endpoint studies.
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Introduction

Assessing the bioequivalence (BE) of inhalation drugs
is challenging. The US Food and Drug Administration

Stefanie K. Drescher and Yuanyuan Jiao contributed equally.

54 Giinther Hochhaus (FDA) currently recommends an aggregate weight of
Hochhaus @ufl.edu evidence approach [1-5]. With blood being downstream
54 Jiirgen B. Bulitta of the pulmonary target site, traditional pharmacokinetic
jbulitta@cop.ufl.edu (PK) studies are thought to not capture potential differ-

. ences in lung performance between test and reference
Department of Pharmaceutics, College of Pharmacy, products. Thus, FDA recommends comparative clini-
University of Florida, Box 100494, Gainesville, FL 32610, . L. . .
USA cal BE studies within the aggregate weight of evidence

approach. The associated challenges of this approach are

Department of Pharmacotherapy and Translational Research, PP . . & . pp. .
College of Pharmacy, University of Florida, 6550 Sanger especially pronounced for inhaled corticosteroids which
Road, Orlando, FL 32827, USA exhibit a flat dose response curve.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11095-023-03472-6&domain=pdf

1178

Pharmaceutical Research (2023) 40:1177-1191

Therefore, a less complex approval strategy for inhaled
drugs, without the need of clinical endpoint studies, would
be desirable [1]. A suitable approach should be sensitive
to differences in three pulmonary performance attributes:
the pulmonary available dose, the duration a drug stays in
the lung, and the regional lung deposition. It is generally
accepted that PK is sensitive to the first two attributes (i.e.,
pulmonary dose and pulmonary residence time) [1]. Previ-
ous, systematic simulation studies suggested that PK should
be able to provide information on differences in the regional
lung deposition for slowly dissolving drugs [6]. This is based
on the hypothesis that more centrally deposited, slowly dis-
solving drug particles are more efficiently removed by muco-
ciliary clearance (MCC) from the central region of the lung.
This scenario was predicted to yield a smaller drug exposure
(i.e., area under the plasma concentration time curve, AUC)
even if two formulations deposit the same total amount of
drug into the lung. In addition, the peak plasma concentra-
tion (C,,,,) should be sensitive to differences in regional lung
deposition as peripheral areas of the lung provide higher per-
meabilities, and therefore faster drug absorption compared
to more central lung regions [7].

To test this hypothesis, we attempted previously to
develop three experimental fluticasone propionate (FP) dry
powder inhaler (DPI) formulations that only differed in their
mass median aerodynamic diameter (MMAD) [7]. However,
in vitro tests revealed that these formulations also differed
in in vitro based lung doses (e.g., average of ex-throat doses
obtained from three anatomical mouth-throat models) and
dissolution rates, which made the testing of the hypothesis
via non-compartmental analyses (NCA) more challenging.
The NCA showed that PK can detect differences in the pul-
monary available dose (based on AUC data) and pulmonary
residence time. The latter was characterized by C,,,, and its
timing (t,,,,), Which are affected by the formulation depend-
ent dissolution behavior of deposited particles and by factors
determining the regional lung deposition (e.g., MMAD).

The NCA approach provided insights into differences in
the regional lung deposition. However, due to challenges
with precisely determining the pulmonary deposited dose
from in vitro experiments, NCA could not provide definitive
conclusions [7]. Such in vitro data were required for lung
dose normalization. In addition, the formulations differed
not only in MMAD but also in their dissolution kinetics.
Therefore, a compartmental simulation based on mean data
was not conclusive with respect to NCA analysis being sen-
sitive to regional lung deposition differences [7]

One of the reasons for recommending clinical endpoint
studies in the BE assessment of inhalation drugs was the
belief that PK cannot provide information on the pulmo-
nary fate of inhaled drugs, especially on the regional lung
deposition [1]. The main objective of the present population
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PK analysis for inhaled FP formulations was, therefore, to
assess whether this modeling approach can provide insights
relevant to the BE asssessment of inhaled FP by providing
information on the regional lung deposition. This informa-
tion was thought to be gained from population PK analysis,
if population PK analysis would suggest a biphasic, pul-
monary absorption profile with fast and slow absorption
occurring from the peripheral and central portions of the
lung, respectively. Such an analysis was meant to support
and facilitate discussions on the design and use of alternative
BE approaches as potential substitute for clinical endpoint
studies.

If a biphasic absorption profile could be identified, popPK
based BE analysis might (1) be considered as a stand-alone
BE method for assessing regional lung deposition for FP.
(2) This approach may facilitate the validation of the less
direct NCA analysis for detecting differences in regional
deposition; thereby further delineating the potential role
that PK (i.e. popPK together with NCA) can play in assess-
ing the regional deposition of inhaled corticosteroids. In
addition, (3) the data generated by the top-down popula-
tion PK approach might allow comparison with bottom-up
physiologically-based pharmacokinetic (PBPK) approaches
in subsequent publications, thereby facilitating potentially a
cross-validation of both approaches. As such, the analysis
presented in this paper might be central in evaluating com-
plementary approaches for the BE assessment of inhaled
corticosteroids as alternative approval pathways for generic
inhalation drugs that do not depend on clinical endpoint
studies.

Methods

Experimental

Information on the development of three experimental FP
DPI formulations (A-4.5 ym, B-3.8 um and C-3.7 um), their
in vitro evaluation, and details about the clinical PK study
(NCT01966692) have been described previously [7]. In brief,
the PK study was a four-way crossover in 24 healthy volunteers
with one of the three formulations (C-3.7 um) being repeated
(called: CR-3.7 um) to assess intra-individual variability. In
each study period (i.e., occasion), subjects inhaled the content
of five capsules each containing 100 pg FP (i.e., total single
dose: 500 ug). Subjects inhaled at least twice from each
capsule to ensure complete capsule emptying. The FP plasma
concentrations were quantified via LC-MS/MS with a lower
limit of quantification of 0.5 pg/mL. The bioanalysis, NCA PK
and standard BE assessments of AUC and C_,, data have been
described previously [7].
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Population Pharmacokinetic Modeling
Structural model - systemic disposition

To develop the structural model, a conservative two-step
approach was employed. In the first step, mean concentra-
tion—time profiles after IV dosing of FP were obtained from
the literature [8] to derive the structural model and esti-
mate the systemic disposition parameters of FP. The aver-
age reported plasma concentrations were digitized. For the
study by Thorssen et al. [8], FP was dosed as a 10 min IV
infusion, and the first reported average cocnetration was at
40 min (i.e. 30 min past end of infusion). For another study
by Allen et al. [9], FP was infused over 20 min and frequent,
early blood samples were obtained. However, the average
concentration plot was reported over 32 h and thus early time
points had a finite resolution.

Linear models with one, two or three body disposition
compartments were evaluated. After identifying the most
suitable disposition model, the population mean estimates of
the systemic disposition parameters were fixed (i.e. the three
clearances and three volumes of distribution). In a separate
analysis, we estimated the systemic disposition parameters
from the mean concentration—time profile of another study
with IV dosing of FP [9] to confirm the structural model and
obtain a second set of systemic disposition parameter esti-
mates. The subsequent population PK analyses to estimate
the pulmonary absorption kinetics were performed with both
sets of fixed systemic disposition parameters, using primar-
ily the data based on Thorsson et al. [8].

Structural model - absorption

In the second step, we employed population PK modeling
to characterize the pulmonary absorption, which was mod-
eled to originate from one or two lung compartments (i.e.
presumed to represent central and peripheral lung). Drug
input was described by five bolus doses (each comprising
100 pg FP) at 0, 1, 2, 3 and 4 min. Actual times of the blood
samples were used for population PK modeling.

For each lung compartment, the extent (i.e. the absorbed
dose) and the rate of absorption were estimated. The rate of
absorption was described by first-order, Michaelis—Menten,
or parallel first-order plus Michaelis—Menten kinetics during
model development. In the final stages of modeling, MCC
was incorporated as a first-order removal process from the
central lung compartment. Inclusion of MCC allowed us
to estimate the centrally deposited dose and calculate the
resulting centrally absorbed dose based on the half-life of
MCC (fixed) and that of pulmonary absorption from cen-
tral lung. A weighted MCC half-life across the first 13 lung
generations of 8.44 h was calculated using the MCC rates of

individual generations derived from Eq. 4 by Hofmann and
Asgharian [10]. The associated first-order rate constant for
MCC was fixed to 0.0821 h™".

The oral bioavailability of FP is less than 1% [11] and
thus much smaller than the bioavailability of FP after inha-
lation. As orally absorbed FP has a negligible impact on the
plasma concentration time profiles [11, 12], oral absorption
of swallowed FP was not included and the final model con-
tained two absorption sites and three systemic disposition
compartment (Fig. 1).

Parameter variability model

For all PK parameters, between subject variability (BSV)
and between occasion variability (BOV) were estimated
and described by log-normal distributions, with exception
of the covariate effect parameter for the peak inspiratory
flow rate (PIFR), which was described by a normal
distribution. The experimental replication of formulation
C-3.7 um as CR-3.7 pm allowed us to estimate the intra-
individual variability (also called BOV). We focused on
estimating BOV for lung specific parameters, i.e. the
extents and half-lives of absorption from central and
peripheral lung. Both BSV and BOV were estimated jointly
over all three formulations, since only one formulation was
replicated. For systemic disposition parameters, BOV was
not included, since these parameters tend to have a small
BOV in healthy volunteers.

Covariate effects

We included allometric scaling by total body weight with
a reference weight of 70 kg, and fixed exponents of 0.75
for clearances and 1.0 for volumes of distribution [13-16].
Exploratory covariate analyses were performed by plot-
ting individual PK parameter estimates against covariate
values (e.g. for age, sex, height, and observed inhalation
parameters).

During each inhalation via the capsule-based DPI device
(RSO1 Monodose, Plastiape), a complete inhalation profile
was recorded [7]. Four parameters were obtained from these
inhalation profiles, including the inhalation volume, inhala-
tion time (i.e. duration), peak inspiratory flow rate (PIFR),
and time to peak inspiratory flow rate. Informed by empiri-
cal covariate effect plots, we evaluated an effect of PIFR on
the extents of absorption from central and peripheral lung.
The exponents (i.e. Pow; for peripheral and Pow. for cen-
tral lung) of these potential covariate effects were estimated
using a reference PIFR of 120 L/min (i.e. the median PIFR
in the study). The associated covariate effect on the extent
of absorption from peripheral lung was calculated as (PIFR;
/120 L/min)*°"® for the i subject at the j™ occasion (i.e.
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Fig. 1 Population PK model structure which contained a central and peripheral lung compartment, as well as a central, shallow and deep periph-
eral systemic disposition compartment. All processes followed first-order kinetics. Pulmonary absorption was described by two parallel first-
order processes. Mucociliary clearance removed drug from central but not from peripheral lung with a fixed half-life of 8.44 h. Separate param-
eters were estimated for the bioavailability and absorption half-lives for drug deposited into the central lung (Fc and t;,, o) and peripheral lung
compartment (Fp and t,,, p). For consistency with in vitro measurements, we report the bioavailability as the deposited doses in pg (based on the
total single dose of 500 pg). The rate of absorption from central lung was assumed to be slower than that from peripheral lung. The lung-related
parameters were estimated separately for each formulation, whereas the systemic disposition parameters were shared across formulations.

study period). A positive estimate of Powp indicates a larger
extent of absorption from peripheral lung with increasing
PIFR, and vice versa.

Estimation and observation model

All FP plasma concentrations were simultaneously fit via
population PK modeling (with the mean systemic disposi-
tion parameters being fixed) using the importance sampling
algorithm (pmethod =4) in the parallelized S-ADAPT soft-
ware (version 1.57) [13] facilitated by the SADAPT-TRAN
tool [14, 15]. A combined additive plus proportional residual
error model was employed.

Model evaluation

Population PK models were compared based on their objec-
tive function (negative log-likelihood in S-ADAPT), stand-
ard diagnostic plots, and the plausibility of parameter esti-
mates. To assess predictive performance, visual predictive
check (VPC) and normalized prediction distribution error
(NPDE) plots were used [16, 17].

Parameter uncertainty

Relative standard errors were computed via the impor-
tance sampling algorithm [13]. To obtain even more robust
uncertainty estimates, a nonparametric bootstrap [18] was
performed. In total, 200 datasets were created by random
sampling of 24 subjects (with replacement) from the original
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dataset. Each of these bootstrapped datasets was analyzed
using the same approach as that used to estimate the final
population PK model. Based on these 200 bootstrap repli-
cates, the median and nonparametric 95% confidence inter-
vals were computed (i.e. 2.5 to 97.5" percentiles) [19, 20].

Validation of biphasic lung absorption model structure

A parametric Monte Carlo simulation estimation study
was performed based on the final model with biphasic lung
absorption. This simulation included all BSV and BOV
terms. This allowed us to assess bias and precision of the
model parameters and to determine whether a biphasic
absorption could be correctly identified as the true model
used during simulations [15, 19]. The distribution of total
body weights was simulated via a normal distribution with a
mean of 64.56 kg and a standard deviation (SD) of 6.81 kg.
The PIFR was simulated with a mean of 120.1 L/min, an SD
of 17.6 L/min for BSV, and an SD of 5.7 L/min for BOV.
For each simulated dataset, the objective function and
parameter estimates were compared between the final model
with biphasic lung absorption and a simpler monophasic
lung absorption model. These Monte Carlo simulations
(code provided in Supplement) were performed in the Berke-
ley Madonna software (version 8.3.18, University of Cali-
fornia, Oakland, CA). Each simulated dataset contained PK
data of 24 healthy volunteers for a four-way crossover study
with three DPI formulations using the same design as that in
the PK study (i.e., three formulations, with one formulation
being repeated, as well as the same sampling times and same
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doses) [10]. The population means of the systemic dispo-
sition parameters were fixed to their true means (obtained
from IV PK data). All remaining parameters were estimated
simultaneously.

In total, 200 datasets with 24 subjects (and 96 profiles)
each were randomly simulated and analyzed by population
PK starting with different initial estimates for the absorp-
tion parameters compared to those of the final (i.e. true)
parameter values. For the systemic disposition parameters,
the true (fixed) parameter values were used as initials. In an
additional analysis, we assessed the impact of poor initial
estimates for 52 of these 200 datasets. This analysis yielded
very similar results (not shown). Bias was calculated as the
ratio of the mean of the parameter estimates from all 200
replicates divided by the true parameter value used during
simulation [21]. Imprecision was computed as the coefficient
of variation (CV) of all estimated replicates.

Bioequivalence for central and peripheral lung

The estimated individual extents of drug deposition in cen-
tral (Fc) and peripheral lung (Fp) were obtained based on the
individual subject parameter estimates, while accounting for
BSV and BOV, as well as the covariate effects of PIFR on Fp
and of WT on clearance and volume of distribution. Based
on the pulmonary physiology, MCC is lacking in the periph-
eral lung and was thus not incorporated in the peripheral
lung compartment. Therefore, the extent of absorption from
peripheral lung was identical to the extent of drug deposi-
tion. However, due to MCC from central lung, the extent of
absorption from central lung was calculated according to the
MCC half-life and the individual absorption half-lives from
central lung for each subject. These individual extents of
drug deposition and absorption were used to perform statisti-
cal BE analyses. We used the posterior modes (called HOC
estimates in the S-ADAPT software) as individual estimates
for each subject and occasion.

For average BE testing among all the formulations, linear
mixed-effects models were estimated in the Phoenix WinNon-
lin™ Professional software (Certara, Princeton, NJ, USA).
These analysis of variance (ANOVA) models on natural log-
scale contained effects for formulation, period, sequence and
subject nested within sequence. All pairwise comparisons
were performed using the repeat formulation of C-3.7 um
(i.e. CR-3.7 um) as reference with BE limits of 80 to 125%.

Results
Disposition after IV dosing

When fitting the average concentration profiles after IV
dosing from the study by Thorsson et al., a model with

three disposition compartments was significantly superior
(p<0.01, likelihood ratio test) to models with one or two
disposition compartments. The systemic model parameters
were estimated based on either using the entire dataset or
using the PK observations up to and including 24 h. For the
latter IV dataset, the estimated systemic clearance (72.2 L/h
for subjects with 70 kg total body weight) was plausible and
close to liver blood flow, volume of distribution at steady-
state (i.e. Vdss; 468 L) was within the published range, and
the terminal half-life (10.6 h) was close to clinically reported
values [8] (Table I). The typical disposition half-lives were
13.4 min for the alpha, 1.30 h for the beta, and 10.6 h for the
gamma phase. For the IV dataset from Allen et al. [9], these
disposition half-lives were 6.41 min, 1.53 h, and 12.9 h.

Integrating IV deposition parameters into population PK

During population PK modeling, the population means of
these systemic disposition parameters (Table I) were fixed
to the estimates shown above. However, we allowed the
individual subject values to deviate from their population
means by including BSV for each systemic disposition
parameter. This improved the robustness of the estimation,
since only two pulmonary absorption half-lives were esti-
mated and the means of the three disposition half-lives were
fixed. When calculated using the individual subject esti-
mates based on the study by Thorsson et al. [8], the alpha
half-life was 6.35 min, beta half-life 1.11 h, and gamma
half-life 11.6 h. When using the alternate dataset by Allen
et al. [9], the three systemic disposition half-lives during
population PK modeling were 3.77 min, 1.24 h, and 13.3 h.
Thus, consistent across both analyses, population PK esti-
mated a faster alpha half-life compared to that obtained
from fitting the mean IV PK profiles, mostly due to a larger
estimate for the distribution clearance to the shallow periph-
eral compartment (CLd,,;,.)- Without fixing any of the
mean disposition parameters, population PK modeling esti-
mated half-lives of 6.1 min for the alpha, 0.75 h for the beta,
and 11.5 h for the gamma phase. In an additional population
PK analysis where CLdg,,,,,, Was estimated and the other
five mean disposition parameters were fixed, the half-life
was 5.5 min for the alpha, 1.1 h for the beta, and 11.5 h for
the gamma phase. The latter analysis yielded very similar
results (not shown) for all absorption parameters compared
to those of the final model, suggesting that the formula-
tion comparisons were robust with regard to handling of
CLdshallow'

The estimated BSV had CVs of 17.4% for total clearance
(CL) and 33.9% for the volume of the central compartment
(V1, Table I). The BSV for CLd had an estimated CV of
92.2% and was eventually fixed to this value. This improved
the robustness of the estimation, potentially because popu-
lation modeling estimated a faster alpha half-life than that
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Table | Population parameter estimates and nonparametric bootstrap results (n=200, presented as median and 2.5" to 97.5" percentiles) for flu-

ticasone propionate after inhalation from a dry powder inhaler

Symbol Unit Population BSV* (SE%) Bootstrap: Bootstrap:
mean (SE%) BOV® (SE%) Population Means BSV* Median (95% CI)
Median (95% CI) BOV® Median (95% CI)
Total clearance (for a subject CL L/h 72.2¢ (fixed) 0.174* (64.5%)  72.2 (fixed) 0.166% (0.102—0.220)
with 70 kg)
Distribution clearance into CLd 110w L/h 67.9° (fixed) 0.922¢ (fixed) 67.9 (fixed) 0.922¢ (fixed)
shallow periph. comp.
Distribution clearance into deep Cdeeep L/h 33.2° (fixed) 0.100 (fixed) 33.2 (fixed) 0.100 (fixed)
periph. comp
Volume of central compartment A\t L 66.4° (fixed) 0.339 (101%) 66.4 (fixed) 0.364 (0.0398—0.556)
Volume of shallow peripheral V2 L 68.0° (fixed) 0.100 (fixed) 68.0 (fixed) 0.100 (fixed)
comp
Volume of deep peripheral comp V3 L 333¢ (fixed) 0.100 (fixed) 333 (fixed) 0.100 (fixed)
Amount deposited into central A-4.5 pm ACA4S um ng 61.9 (36.4%) 0.100 (fixed) 62.0 (48.4—78.0) 0.100° (fixed)
lung 0.202° (29.7%) 0.191° (0.0904—0.271)
B-3.8 pm ACg38um ng 40.5 (21.9%) 40.8 (32.1—53.5)
C-3.7 pm ACc37um ng 35.6 (12.4%) 36.0 (28.0—45.1)
Amount absorbed from A-4.5 pm APp4sum ng 12.6 (16.1%) 0.149% (97.6%) 12.2 (9.95—14.8) 0.148* (0.0140—0.229)
peripheral lung 0.268° (41.0%)
B-3.8 pm APg 3.8 um ng 38.7 (27.1%) 38.2 (32.7—44.7) 0.257° (0.193—0.322)
C-3.7 pm APc3.7 um ng 39.3(9.9%) 38.9 (33.6—43.6)
Exponent for effect of PIFR on Amt deposited ~ Powp - 0.680 (31.4%)  0.100° (fixed) 0.623 (0.0427—1.20)
peripherally
Half-life of mucociliary clearance from t1/2muc h 8.44 (fixed) 0 (fixed) 8.44 (fixed) 0.100° (fixed)
central lung
Absorption half-life from A-4.5 pm t12c p45um D 9.13 (6.9%) 0.703* (45.8%)  8.71 (6.15—13.1) 0.681% (0.397—0.913)
central lung
B-3.8 pm t12cp38um B 7.17 (46.9%) 6.85 (3.85—10.8)
C-3.7 pm 126 .37 um h 6.86 (21.9%) 14.5 (9.78—19.6) 0.467* (0.266—0.669)
Absorption half-life from A-4.5 pm t1/2p A s 5 um min 14.6 (25.9%) 0.513% (68.4%) 0.498 (0.395—0.589)
peripheral lung 0.524° (46.8%)
B-3.8 pm t1/2p 535 um min 6.92 (13.3%) 7.08 (5.44—9.00)
C-3.7 pm t1/2p 37 yum min 6.85 (15.0%) 6.72 (5.14—38.88)
Additive residual error SDin pg/mL  0.349 (43.4%) 0.341 (0.0351—0.650)

Proportional residual error SDsl -

0.161 (7.4%)

0.161 (0.143—0.177)

a: These BSV estimates represent apparent coefficients of variation of a normal distribution on natural logarithmic scale. The relative standard
errors (SE%) apply to the estimated variances; some of these relative standard errors were larger, since the respective estimated variances tended

to be small.

b: These BOV estimates were estimated jointly over all formulations. Thus, this estimate applies to formulations A, B and C for the respective

parameter.

c: These disposition parameter estimates represent the population means for subjects with 70 kg total body weight.

d: After estimating the BSV term for CLd

shallow?

this BSV was fixed to its estimate of 0.922 in order to improve the estimation process.

e: Variability estimate represent apparent coefficients of variation of a normal distribution on linear scale.

f: No BOV was estimated for this absorption parameter.

obtained by fitting average profiles after IV dosing. The BSV
of the other systemic disposition parameters was small and
eventually fixed to a CV of 10% as a pharmacologically
plausible value, which did not affect the conclusions.

Population PK model structure and diagnostic plots

Separating the lung into a compartment with slower
absorption, presumably from central areas of the lung,
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and a compartment with rapid absorption from peripheral
areas of the lung, significantly improved the log-likelihood
(p<0.01), curve fits and predictive performance (Fig. 1).
Inclusion of saturable absorption kinetics from either lung
compartment yielded no improvement. We did not consider
models with three parallel absorption processes, since the
biphasic model provided good fits and was robust. The
visual predictive checks (Fig. 2) and normalized prediction
distribution error plots (Fig. 3) demonstrated reasonable
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predictive performance. The observed vs. individual or
population fitted concentrations (Figure S1) also supported
adequate model performance, keeping in mind that the dis-
position parameters were fixed to estimates after IV dos-
ing. The individual curve fits were excellent and population
fits were good for the more slowly absorbed formulation
A-4.5 ym. However, the population fits slightly over-pre-
dicted the observed peak concentrations for the other formu-
lation. This occured because the individual estimated alpha
half-lives were faster than their fixed population mean (from
IV data of another study). This neither affected the indi-
vidual PK parameter estimates nor the BE analysis, which
was based on the individual estimates. We further used NCA
to calculate the AUC , for the individual model fitted and
observed plasma concentrations. The AUC,,, based on the
fitted concentrations divided by the AUC,, based on the
observations had a median of 0.99 for all formulations. The
individual AUC , ratios across all 96 profiles fell between
0.95 and 1.07, indicating a close fit for the drug exposure
of all profiles.

The median parameter estimates from nonparametric
bootstrapping were within + 10% of the estimates from the
original dataset for all population mean, BSV and BOV
estimates (Table I). The population means of all pulmonary
absorption parameters were reasonably precise with relative

Fig.2 Visual predictive checks
for fluticasone propionate con-
centrations in plasma for each
formulation. The insets show
the first 2 h on linear scale. Ide-
ally, the median of the predicted
profiles should match the central
tendency of the observations
and 10% of the observations
should fall outside of the 80%
prediction interval (i.e. the 10th
to 90th percentiles) on either
side. Formulation C-3.7 pm was

10%2.5 4

E 5 & B 8

10%2.0 { 8
10M.5

10"1.0 A

90th percentile =— — -
75th percentile
50th percentile
25th percentile
10th percentile — — -
Observations o

10"0.5 A

standard errors (SE) below 30%. Exceptions were an SE of
36.4% for the amount deposited in central lung for A-4.5 pm,
46.9% for the absorption half-life from central lung for
B-3.8 um, and 31.4% for the covariate effect of PIFR. The
covariate effect of PIFR on the amount of drug deposition in
peripheral lung was significant, because the 95% confidence
interval for Powp did not include zero; Table I).

In the Monte Carlo simulation-estimation studies, all
95% confidence intervals for the ratio of the estimated by
the true parameter values included 1.0, indicating unbiased
estimates (Table II). For all population mean PK param-
eters (Table III), the mean of the estimated divided by true
parameter values were within 0.85 to 1.14 and imprecision
was better than 20% (except for 39% for Powy). For the BSV
and BOV estimates, these ratios ranged from 0.84 to 1.29.
Thus, all model parameter estimates were unbiased and had
adequate precision.

When comparing the true model with biphasic to the
simplified model with monophasic lung absorption, the
-2 X log-likelihood significantly favored the biphasic model
by 747 [503 to 940] (median [min-max]; p<0.001 for all
200 pairwise comparisons; likelihood ratio test). The indi-
vidual curve fits were significantly better for the biphasic
model (proportional residual error, SD: median [95% con-
fidence interval] 0.162 [0.154 to 0.171] for the biphasic vs.

600

First 2 h

102.54 §
10%2.0
 10M.51
10%.0

1010.5

0 5

repeated (as CR-3.7 pm).

1012.5
102.0
10*.5

101.0 A

Fluticasone propionate concentration in plasma (pg/mL)

10%0.5

25

107251 E&
1072.0
10".5 A

1071.0 A

1070.5 A

@ Springer



1184

Pharmaceutical Research (2023) 40:1177-1191

Fig.3 Normalized prediction
distribution errors (NPDEs) for

each formulation (formulation is
split into its two replicate doses
C and CR). Ideally, the NPDEs
should be standard normally
distributed with a mean of

zero and standard deviation of
1 (i.e. approximately 95% of
the NPDEs should fall within
-2 and + 2 at each time point).
Time past dose is plotted on
logarithmic scale to better
visualize the absorption phase.
The dashed blue line represents
a LOESS smoother of the

observations and should ideally
fall onto the green zero line.

Normalized Prediction Distribution Error (-)

101-0.5 10"0.0

0.194 [0.180 to 0.206] for the monophasic model), as shown
by the non-overlapping confidence intervals. Moreover, the
population fits and the NPDE plots showed systematic bias
for the monophasic but not for the biphasic model. Taken
together, the biphasic model could be reliably and clearly
distinguished from a monophasic absorption model.

Absorption from lung

The final model identified two parallel first-order absorp-
tion processes. The slow process was likely associated with
absorption from central lung, whereas the fast process was
presumably due to absorption from more peripheral areas of
the lung. (Fig. 1). The rapid absorption was 38- to 62-fold
faster than the slow absorption (Table I), depending on the
formulation. For both processes, formulation A-4.5 um
was absorbed more slowly than formulations B-3.8 ym and
C-3.7 um, in agreement with differences observed in the in
vitro dissolution rates [7].

@ Springer
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Based on the fixed value for MCC, the centrally depos-
ited dose of 61.9 ug for formulation A-4.5 um was consid-
erably larger than that of formulation B-3.8 um (40.5 pg)
and C-3.7 um (35.6 pg; Table I). In contrast, the amount of
FP deposited and absorbed from the peripheral lung was
substantially smaller for A-4.5 um (12.6 pg) compared to
B-3.8 um (38.7 pg) and C-3.7 um (39.3 pg; Table I). The
total deposited doses were, however, similar for all three
formulations (74.5 pg for A-4.5 pm; 79.2 pg for B-3.8 um
and 74.9 pg for C-3.7 um). Considering the MCC and the
absorption half-life from central lung, 48.4% + 15.4% (aver-
age + SD) of the centrally deposited dose was absorbed into
the systemic circulation for formulation A-4.5 um. These
estimates were slightly higher (54.0% + 15.4% for B-3.8 um
and 54.9% +15.2% for C-3.7 um) due to the faster dissolu-
tion rates of the latter formulations [7].

The variability of the deposited doses was relatively small
for an inhaled PK study. The deposited dose in central lung
has a small BSV (10% CV; fixed) and a BOV with a CV of
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Table Il Estimated compared to true population PK parameter values from the parametric Monte Carlo simulation-estimation study to assess
bias and precision. Data are the means and 95% confidence intervals (CT; i.e. 2.5% to 97.5% percentiles) for the ratios of estimated divided by the
‘true’ population PK parameter values from 200 simulated datasets. For all ratios, a mean value of 1.0 implies perfect accuracy, and a narrow CI

indicates good precision

Parameters Symbol True True Estimated /True ratio Estimated /True ratio
Population BSV  Population means Between subject variability
Mean
Mean 95% CI Imprecision Mean 95% CI Imprecision
Clearance
Total CL 722L/Ah 0174 1 fixed fixed 1.03  0.60—1.47 23%
Distribution to shallow peripheral CLd 110w 679L/h 0922 1 fixed fixed 1 fixed fixed
compartment
Distribution to deep peripheral CLdeep 332L/h 0.1 1 fixed fixed 1 fixed fixed
compartment

Volume of distribution
Central compartment V1 66.4 L 0.339 1 fixed fixed 0.84 0.18—1.52 39%
Shallow peri. compartment V2 68.0 L 0.1 1 fixed fixed 1 fixed fixed
Deep peri. compartment V3 333L 0.1 1 fixed fixed 1 fixed fixed
Dose deposited in central lung AcBSV - 0.1 1 fixed fixed

AcBOV - 0.202 1.29 0.94—1.63 15%
A-4.5 um ACp45um 61.9 ug 0.1 096 0.82—1.11 8% 1 fixed fixed
B-3.8 ym Acg 38um 40.5 pg 0.1 0.85 0.65—1.05 12% 1 fixed fixed
C-3.7 pm ACc37um 35.6 ug 0.1 095 081—1.13 9% 1 fixed fixed
Exponent for effect of PIFR on Ap Powp 0.680 0.1 1.02  034—1.77 39% 1 fixed fixed
Dose deposited in and absorbed from  ApBSV - 0.149 1.13  0.11—1.77 43%
peripheral lung ApBOV - 0.268 094 0.74—1.12 11%
A-4.5 ym APa45um 12.6 pg 0.1 098 0.84—1.18 8% 1 fixed fixed
B-3.8 um ADPg3.8 um 38.7 ug 0.1 099 0.84—1.13 7% 1 fixed fixed
C-3.7 um APc3.7 um 39.3 ug 0.1 099 0.87—1.12 6% 1 fixed fixed
Absorption half-life of central lung t1/2c BSV - 0.703 1 0.68—1.36 18%
A-4.5 ym t12c A 45,m 9-13h 0.1 1.02  0.75—1.40 17% 1 fixed fixed
B-3.8 um t12c5538,m 7-17h 0.1 1.12 0.78—1.63 19% 1 fixed fixed
C-3.7 pm t12cc37,m 6.86h 0.1 1.05 0.77—1.50 17% 1 fixed fixed
Absorption half-life of peripheral lung t1/2, BSV - 0.513 094 0.33—1.35 28%

t1/2, BOV - 0.524 091 0.74—1.09 10%
A-4.5 um t12p pssym  14.6min 0.1 1.05 0.77—1.37 14% 1 fixed fixed
B-3.8 um t12pp38m 6.92min 0.1 1.14  0.84—1.52 15% 1 fixed fixed
C-3.7 pm t12pc37ym  6.85min 0.1 1.10 0.86—1.44 14% 1 fixed fixed

20.2%. For peripheral lung, the BSV was 14.9% and BOV
26.8% (Table I). In contrast, the absorption half-lives were
much more variable with a BSV of 70.3% for central lung
as well as a BSV of 51.3% and BOV of 52.4% for peripheral
lung.

Covariate effects
There was a trend of larger PIFR resulting in larger doses

deposited and absorbed from peripheral lung, which was con-
firmed by population PK modeling. The positive correlation

of PIFR with the amount deposited peripherally was described
by a positive Powp (estimate: 0.680). The -2 X log-likelihood
improved by 7.54 (p=0.006, likelihood ratio test) and the 95%
confidence interval for Pow; excluded zero (Table I), indicat-
ing a statistically significant covariate effect. Moreover, includ-
ing Powp explained 45% of the BSV (on variance scale) for the
amount deposited in peripheral lung (i.e. the CV decreased
from 20.1% without Pow; to 14.9% with Powp). The other
BSV and BOV estimates were only minimally affected by
Powp. In contrast, this covariate effect was lacking for central
lung (i.e. Pow was close to zero; results not shown).
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Table Il Comparison of fractions absorbed from central and peripheral lung. Data are arithmetic means + standard deviation (SD), or geometric

means (coefficient of variation, CV)

A-4.5 pm B-3.8 um C-3.7 um CR-3.7 pm
Dose deposited in central lung (ug) 62.2* +9.18 42.6 + 8.80 36.3 +£3.76 37.3 +6.38
Dose absorbed from central lung (ug) 30.1+10.6 22.8+7.35 20.1+6.44 20.5+6/87
Dose absorbed/deposited from peripheral lung (pg) 13.3+2.99 395+11.1 40.6+12.0 41.0+13.7
Total dose deposited in lung (popPK) (pg; fraction of total ~ 75.5+9.43 82.0+154 77.0+13.8 783+15.3
dose) (=15.1%) (=16.4%) (=15.4%) (=15.7%)
Total dose absorbed from lung (popPK) 43.4+11.2 623+15.8 60.7+12.7 61.5+13.8
(pg; fraction of total dose) (=8.7%) (=12.5%) (=12.1%) (=12.3%)
Total dose deposited in the lung relative to (C-3.7 pmand ~ 0.973 1.057 1.000 1.000
CR-3.7 pm) from population PK analysis
Total dose absorbed from lung relative to (C-3.7 pm and CR-3.7 pm)
from population PK analysis 0.711 1.019 1.000 1.000
from non-compartmental analysis (companion paper) 0.797 1.061 1.000 1.000
Total lung dose from MT models® (ug) [10] 64.0 83.5 76.0 76.0
AUC,;,; (population PK; pg*h/mL) 718 31%)° 1029 (30%) 1014 (25%) 1024 (25%)
AUC ;s (NCA; pg*h/mL) [10] 782 (29%) 1040 (25%) 980 (26%) 1035 (26%)

4 These values were calculated from the individual subject estimates (i.e.

the POSTHOC estimates) and they account for the effects of covari-

ates (e.g. PIFR) in each study period. The reported values represent arithmetic means +SD, and are therefore slightly larger than the geometric

means estimated by population PK reported in Table I.

b Total lung dose derived from anatomical mouth throat (MT) models (average of VCU, Alberta and OIC-throats). Datawere taken from

Table III of Hochhaus et al. [10].

¢: Results are geometric means (CV for BSV).

Bioequivalence for central and peripheral lung

The BE results based on the individual subject estimates
from population PK indicated that the total deposited dose
was bioequivalent among all formulations, whereas the
total absorbed dose was not (Table IV). When using for-
mulation CR-3.7 um as reference, formulations B-3.8 um
and C-3.7 um were bioequivalent for the doses deposited
in and absorbed from central and peripheral lung. In con-
trast, formulation A-4.5 pm was non-bioequivalent for the
centrally and peripherally deposited doses, and for the total
absorbed dose. The central to peripheral deposition ratio [i.e.
C/(C+P)] was considerably larger and non-bioequivalent for
formulation A-4.5 pm, and bioequivalent among the other
formulations (Table IV).

Discussion

Based on PK data in our previous paper [7], the present
population PK analysis provided in-depth insights into the
rates and extents of FP deposition and absorption presum-
ably from central and peripheral regions of the lung for
three investigational DPI formulations differing in median
mass aerodynamic diameter (MMAD).

As the present study lacked data after IV administra-
tion of FP, we employed a two-step modeling approach by

@ Springer

first obtaining the disposition parameters after IV dosing
from two published studies, similar to the approach taken
for tiotropium and olodaterol [22, 23]. This provided the
population means of the alpha, beta and gamma half-lives
after IV dosing of FP. During the second step, we fixed the
mean disposition parameters (and thus the three half-lives)
during population modeling, but allowed for BSV for all
model parameters. Our population PK analysis estimated
a faster alpha half-life than that obtained from fitting the
average plasma concentrations after IV dosing using the
Thorrsson data [12]. This affected the population predic-
tions (Figure S1), but did not impact the lung absorption
parameter estimates as shown in additional analyses. The
individual curve fits were excellent and all 96 individu-
ally fitted vs. observed drug exposures (AUC_, ) were
very similar. Thus, the individual absorption parameter
estimates, including the pulmonary doses (Table I) used
for BE testing (Table IV), were robust. Consistent results
were obtained when using an alternative IV PK study [9].
This suggested that the faster alpha half-life and larger
CLd did not affect the conclusions and was likely caused
by the limited resolution of the reported average plasma
concentrations in the IV PK studies [9].

Without integrating IV data into the overall modeling
strategy, estimating all five half-lives for a model with
biphasic lung absorption resulted in uncertainty in estimat-
ing the two absorption and three disposition half-lives for
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Table IV Bioequivalence results showing the point estimates and 90% confidence intervals for the ratio of geometric means between different
formulations. These ANOVA statistics were calculated based on the individual (POSTHOC) estimates from population PK modeling

Parameter Test Reference Test/Ref ratio (%) Lower 90% CI (%) Upper 90% CI (%)
Total Dose Deposited C +P* A CR 98.46 92.10 105.25
B CR 106.03 99.19 113.35
C CR 100.57 93.39 108.30
Total Dose Absorbed A CR 70.42 64.36 77.05
C+P?* B CR 101.02 92.33 110.53
C CR 100.00 90.50 110.50
Dose Deposited in central lung® A CR 170.64 158.23 184.02
B CR 115.85 107.43 124.94
C CR 101.95 93.76 110.85
Dose Absorbed from central lung® A CR 148.16 136.86 160.39
B CR 113.43 104.78 122.80
C CR 101.90 93.32 111.28
Dose Absorbed from peripheral lung® A CR 33.24 29.20 37.83
B CR 96.81 85.06 110.19
C CR 98.10 84.97 113.25
C/(C +P) ratio for Deposited Dose® A CR 173.31 160.82 186.78
B CR 109.26 101.38 117.75
C CR 101.37 93.30 110.15

#: Please note that none of the systemic disposition parameters had BOV in the population PK model. Therefore, any between formulation com-
parisons reflect the differences in Fp and Fc, since the clearance estimate was the same across all formulations in a given subject.

b: The compartment assignment assumes that rapid absorption occurs from peripheral lung and slow absorption from central regions of the lung.
For peripheral lung, the absorbed and deposited doses are the same, since MCC is lacking. For central lung, the deposited dose is larger than the
absorbed dose, since MCC removes part of the deposited dose. The absorbed dose from central lung is calculated based on the relative half-lives

of MCC and of absorption from central lung.

FP, as a slowly absorbed lipophilic drug (similar to flip-flop
kinetics). Ideally, an additional IV treatment arm should be
included in future cross-over design studies [24], especially
if an IV formulation is available. Pulmonary absorption was
best described by two parallel first-order processes (Fig. 1
and Table I). The parametric Monte-Carlo simulation esti-
mation study correctly identified the biphasic model as the
true one in 200 of 200 cases. Moreover, parameter estimates
were unbiased and reasonably precise (Table II). This high-
lighted the ability of population PK to identify a biphasic
lung absorption for FP and provide detailed insights into
pulmonary drug absorption. The ability of population PK
to distinguish between multiple absorption pathways was
in agreement with reports for other inhaled drugs. Bartels
et al. identified a slow, moderate, and rapid absorption pro-
cess from the lung for glycopyronium, in addition to drug
absorption from the gastrointestinal tract [24]. Similarly,
population PK modeling could identify parallel absorption
processes for tiotropium [22, 23] and olodaterol [23]. The
lack of reports on the biphasic absorption of FP might be
related to these studies focusing on identifying covariates
for systemic exposure and characterizing the slow absorp-
tion component [25]. Further, this might be related to the
systemic rate constants not being restricted during param-
eter estimations in these publications [26].

We identified a slight positive correlation of PIFR with
the amount deposited in peripheral lung. This effect was sta-
tistically significant and improved the model performance,
but tended to be small, in agreement with the rather homog-
enous subject population, extensive inhalation training by
each subject, and carefully standardized dosing procedures.
It might be speculated that increased PIFR results in a more
efficient deagglomeration of particles, leading to slightly
higher peripheral deposition.

We assumed that the fast absorption of FP is related to
absorption from the peripheral lung and that the slow absorp-
tion refers to central lung regions. The structural model
incorporated a first order removal of centrally deposited drug
(Fig. 1) to represent MCC that removed approximately half of
the centrally deposited dose. This allowed us to estimate the
deposited doses and calculate the absorbed doses from central
lung. The MCC half-life was calculated based on Hofmann
and Asgharian’s proposed relationship between mucus veloc-
ity and airway diameter [10]. The weighted estimates across
relevant airway generations agreed with the value of 8.75 h
by Boger et al. [27]. The MCC half-life was fixed (without
BSV) to support parameter estimation, because MCC and the
centrally deposited dose were correlated (as observed in a
sensitivity analysis; results not shown). This allowed us to
identify the centrally deposited and absorbed doses.
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The total deposited pulmonary doses estimated through
population PK analysis (Table III) agreed overall with the in
vitro estimates (average of VCU, OPC and Alberta throats).
However differences between formulations, estimated by
population PK were less pronounced than those based on
mouth-throat (MT) models [7]. More studies comparing the
results from PK based approaches with those derived from
in vitro MT models are needed to assess, if in vitro models
warrant further refinement. Population PK estimated that
formulation A-4.5 um deposited 82% +3.9% of dose cen-
trally, compared to 52% + 8.0% for B-3.8 um, 48% + 8.2%
for C-3.7 um, and 49% +9.3% for CR-3.7 um (Tables III and
IV). Thus, the formulation with the largest MMAD depos-
ited more centrally than the other formulations.

Population PK could characterize and estimate multi-
phasic pulmonary absorption kinetics. However, this com-
putational approach cannot identify the reasons for biphasic
absorption. Considering the physicochemical characteris-
tics of FP and lung physiology, it is likely that the different
absorption half-lives are in agreement with the expected fate
of a lipophilic drug regarding absorption from more cen-
tral and peripheral areas of the lung. Rapid absorption is in
agreement with dissolution of FP under sink conditions from
the peripheral lung, as dissolved drug is efficiently removed
across highly permeable and highly perfused alveolar regions
[27]. Thus, dissolution is likely rate-limiting for absorption
from peripheral lung. Of note, the rank order of in vitro dis-
solution rates [7] correlated with the absorption half-lives
from peripheral lung with formulation A-4.5 um (14.6 min)
showing a slower absorption than the other formulations
(6.9 min; Table I).

In contrast, the lack of sink conditions in central lung,
where less permeable stuctures and reduced blood flow
are observed, is likely the reason for slower dissolution;
resulting in 38- to 62-fold slower absorption half-lives from
central compared to those from peripheral lung (Table I).
However, formulation A-4.5 pm also had the slowest absorp-
tion of the three formulations from central lung, suggesting
that the dissolution process retained an effect on the over-
all absorption from central lung. To further corroborate the
link between population PK derived absorption half-lives
and physiological events, future studies should compare the
top-down population PK with bottom-up PBPK modeling.

The early t,,, (at 16 to 31 min; from NCA) in relation
to the long absorption half-life of the slow absorption pro-
cess suggests that C_,, is mainly determined by the rate and
extent of absorption from peripheral lung. This supports the
hypothesis in our original paper [7], that C,,,, is likely sen-
sitive to differences in regional deposition. In contrast, the
slower absorption from central lung should mainly affect the
mean absorption times.

Population PK estimated a small BSV for the amount
deposited in central and peripheral lung (< 15% CV). The
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BOV estimates were larger with CVs of 20.2% for central
and 26.8% for peripheral lung (Table I). These were com-
parable to the inter-subject variability (i.e. BSV) of 33.5%
and intra-subject variability (i.e. BOV) of 28.7% for C,,.,
and the 24.1% for the inter-subject and 14.6% for the intra-
subject variability of AUC from NCA and ANOVA statistics
[7]. The centrally and peripherally deposited and absorbed
doses both contributed to the variability of AUC and, to
some degree, to that of C,,.

In contrast, population PK estimated CVs of 51.3%
for BSV and 52.4% for BOV of the rapid absorption
half-life from peripheral lung, and a BSV of 70.3% for
the absorption half-life from central lung. These vari-
ability estimates were considerably larger than the vari-
ability of C,, from NCA (i.e. 33.5% BSV and 28.7%
BOV), suggesting that NCA based C,,,, is a more robust
parameter for the rate of absorption than the population
PK estimated absorption half-lives. Variability in C,,,
is a result of multiple PK processes including the drug
absorption and distribution kinetics, which may have
resulted in a smaller overall variabiltity of C,, compared
to the absorption half-life from peripheral lung. Due to
the large variability of the absorption half-lives and the
potential issue of distinguishing between absorption and
disposition half-lives, our proposed BE strategy only used
the individual estimates for the centrally and peripherally
deposited doses.

The individual estimates for the centrally and peripher-
ally deposited and absorbed doses from population PK were
used to assess the BE of the three formulations. The absolute
values of the model-estimated deposited doses may have
been affected by the study design (i.e. lack of IV data) and
potentially by fixing the disposition half-lives, as well as
the MCC to literature estimates. However, the cross-over
nature of the PK study ensured that comparisons between
formulations were consistent and not affected by these limi-
tations. All dose related parameters (i.e. the centrally and
periphally absorbed and deposited doses, total doses, and
c/(c+p) ratio; Table IV) were bioequivalent among formu-
lations B-3.8 um, C-3.7 um, and CR-3.7 pm. This was in
agreement with in vitro and NCA derived PK results (i.e.
dissolution behavior, NCA based C,,, and AUC [7]). In
contrast, formulation A-4.5 um was bio-IN-equivalent for
all parameters except the total deposited dose (Table IV).
For the parameters reflecting the total absorbed doses, BE
results agreed with those reported in our previous report
for AUC ;s before dose normalization [7] with formulation
A-4.5 pym being bio-IN-equivalent to the other two formula-
tions. This further supported the robustness of the popula-
tion PK approach for estimating lung doses.

As a top-down approach, population PK characterizes
the overall (i.e. rate-limiting) kinetic processes. As an
advantage, population PK results are data-driven and not
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affected by challenges often associated with the validation
of bottom-up derived mechanistic input parameters, neces-
sary for PBPK models. Thus, insights from population PK
related to the pulmonary fate complement those from PBPK
and in vitro approaches, and vice versa. As such, the joint
use of in vitro tests [7], PBPK and population PK might
provide mutual insights and support cross-validation of the
above approaches for FP, and potentially other drugs with
similar physicochemical properties. For example, the present
study demonstrated the same rank order between the three
FP formulations based on population PK regional deposition
estimates and the aerodynamic properties.

Standard approaches are available to determine central
to peripheral deposition ratios (i.e. c/p ratios) via scintigra-
phy [28] or deposition modelling [29], which both consider
physiological constraints for deriving the c/p ratio. In con-
trast, population PK modeling approaches estimate c/p ratios
by arbitrarily dividing lung absorption into a fast and a slow
process. Thus, one would not expect quantitatively matching
results between these methods.

The estimated absorption half-lives for the three formula-
tions from central and peripheral lung roughly mirrored the
mean dissolution times in vitro, supporting the relevance of
dissolution studies for the evaluation of inhalation drugs.
This also demonstrated the sensitivity of population PK to
detect such differences. Further, the pronounced differences
in absorption half-lives from central and peripheral areas of
the lung established by population PK indicated that C,,, is
predominantly driven by doses deposited in peripheral areas
of the lung. Thus, our population PK analysis suggested
that NCA derived Cmax estimates should be able to probe
for differences in regional lung deposition. This supported
our recent hypothesis [7] that traditional NCA-BE analysis
should be sensitive to regional lung deposition differences.
Similarly, the total deposited lung doses derived from in
vitro models (Table III) agreed overall with in vitro esti-
mates; only formulation A-4.5 um differed by 15% between
the two methods (Table III; 64.0 pg vs 75.5 ug), supporting
the selected in vitro approach. In addition, future compari-
sons between population PK parameter estimates and those
predicted by PBPK based modeling, as well as the associated
in vitro input parameters will be beneficial to cross-validate
both modeling approaches.

Our results indicate that population PK analysis might
be helpful together with established approaches in BE test-
ing of FP and similar drugs. As a first step, a crossover PK
study could be performed to compare the PK profiles of the
test and reference products; ideally, PK data should also be
obtained in the same subjects after IV dosing (especially
if an IV formulation is available or can be created). This
study should be analyzed through both standard NCA and
population PK analysis. Standard BE statistics could be
used to compare the overall extent (AUC;,;) and rate of

pulmonary absorption (C,,,,). Population PK would comple-
ment NCA analysis by providing information on the drug
deposition in central and peripheral lung regions. We do
not recommend to include the absorption half-lives into the
BE analysis because of the larger variability associated with
these half-lives (see above). This approach requires drugs
with multi-exponential (i.e. slow and fast) absorption kinet-
ics from the lung. For such drugs, the proposed analysis
strategy might be supplemented by additional in vitro data
or computational approaches (such as PBPK and/or com-
putational fluid dynamics). This novel, integrated approach
might be considered when developing an alternative to clini-
cal endpoint studies.

In summary, the proposed population PK approach could
characterize the regional lung deposition by identifying and
estimating the absorption of FP presumably from central
and peripheral lung. Inclusion of published PK data after
IV dosing allowed us to reliably estimate the deposited
and absorbed doses in both regions of the lung, which we
showed to be unbiased and reasonably precise. Population
PK could correctly identify biphasic lung absorption as the
true model in 200 of 200 Monte Carlo simulation-estimation
study datasets. Population PK based BE results showed bio-
IN-equivalence for the formulation with the largest MMAD
and BE among all other formulations. This supported the
validity of this approach for comparing regional lung deposi-
tion between formulations and the ability of population PK
based BE to complement standard NCA based BE testing. In
addition, the distinct differences in the estimated absorption
half-lives of centrally and peripherally absorbed drug further
supported our previous hypothesis [7]. As an alternative to
the population PK based BE strategy proposed here, NCA
based C,,,, estimates might be suitable for assessing the BE
in regional lung deposition of test and reference products
displaying biphasic absorption kinetics.
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