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In Silico Methods for Development of Generic
Drug-Device Combination Orally Inhaled Drug Products

Ross L. Walenga', Andrew H. Babiskin'* and Liang Zhao'

The development of generic, single-entity, drug—device combination products for orally inhaled drug products is challeng-
ing in part because of the complex nature of device design characteristics and the difficulties associated with establishing
bioequivalence for a locally acting drug product delivered to the site of action in the lung. This review examines in silico
models that may be used to support the development of generic orally inhaled drug products and how model credibility may

be assessed.

STATUS OF GENERIC ORALLY INHALED DRUG
PRODUCTS IN THE UNITED STATES

In a recent report, the Association for Accessible Medicines
estimated that generic drugs produced $265 billion in sav-
ings in the United States in 2017 and accounted for 9 of 10
dispensed prescriptions.1 However, these benefits were not
realized for the multibillion dollar market of complex drug-
device combination orally inhaled drug products (OIDPs)
because there were no approved generic drug products in
the United States during this period. These increased costs
are felt both by consumers and insurance providers, where
the Centers for Disease Control has estimated that there
are currently 27 million people in the United States? with
asthma and 16 million with chronic obstructive pulmonary
disease.® A generic drug developer that wishes to enter this
market would need to design a product that demonstrates
bioequivalence (BE) to the reference product in the multiple
in vitro and in vivo studies currently recommended by the
US Food and Drug Administration (FDA) while considering
brand-name drug product patent protections that may limit
design decisions related to the device constituent parts of
the drug—device combination product.* In general, to obtain
approval of an abbreviated new drug application (ANDA) for
a generic drug, an ANDA applicant first must identify the
previously approved drug product it seeks to duplicate, i.e.,
the reference listed drug (RLD), and must show, among other
things, that the generic drug is bioequivalent to the RLD. A
reference standard selected by the FDA is the specific drug
product that the ANDA applicant must use in conducting
any in vivo BE testing required to support approval of its
ANDA. The reference standard, selected by the FDA, is or-
dinarily the RLD. For ease of the reader, this article will only
use the term RLD when describing regulatory requirements
and recommendations relating to BE. For more information
regarding the distinction between an RLD and a reference
standard, please consult the FDA’'s draft guidance for in-
dustry titled “Referencing Approved Drug Products in ANDA

Submissions.” When final, this guidance will represent the
FDA'’s current thinking on this topic.

Considering that the majority of drug—device combination
OIDPs are locally acting drug products, the FDA has estab-
lished a weight-of-evidence approach for showing the BE
of these products, which includes a combination of in vitro
and in vivo studies, formulation sameness, and device simi-
larity.® This approach has been deemed necessary because
the direct measurement of the drug concentration at the
site of action is only possible during a surgical procedure,®’
rendering it impractical for a pivotal BE study. For metered
dose inhalers (MDIs), the list of in vitro studies includes sin-
gle actuation content at the beginning, middle, and end life
stages; aerodynamic particle size distribution (APSD) at the
beginning and end life stages; spray pattern at two different
distances from the orifice; plume geometry; and priming and
repriming. The in vivo studies include a fasting, single-dose,
two-way crossover pharmacokinetic (PK) study in healthy
adult subjects and either a clinical pharmacodynamic (PD)
study in patients or a comparative clinical end point BE
study in patients.® The list of studies recommended for dry
powder inhalers (DPIs) includes in vitro single actuation con-
tent at the beginning, middle, and end life stages and APSD
at the beginning and end life stages as well as in vivo PK and
either a PD or a comparative clinical end point BE study.5
Considering the device aspect of drug-device combination
OIDPs, these products are recommended to provide a user
interface that is similar to the RLD with similar operating prin-
ciples to ensure therapeutic equivalence.8 The formulation
for MDls should be qualitatively and quantitatively the same
as the RLD; for DPIs qualitative sameness is required, and
if it is not quantitatively the same the differences should be
justified with additional data.® Taken together, a potential ge-
neric OIDP developer has to balance the appropriateness of
passing all FDA-recommended studies, producing a generic
drug—-device combination product that can be substituted for
the RLD without additional training prior to use and/or with-
out the intervention of a healthcare provider'® and observing
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any existing device patents that may exist. Meeting these
standards may require many device or even formulation iter-
ations before generating an approvable product.

Considering the challenges that a potential complex ge-
neric OIDP developer faces, strategies are needed to reduce
the expected cost and time of development. In silico mod-
eling offers a relatively cost-effective means of accelerating
generic OIDP development. Computational fluid dynamics
(CFD) is a physics-based modeling technique that can pre-
dict fluid and particle transport inside realistic geometries.
The primary advantage of CFD in the context of generic
OIDP development is its ability to consider device-related
characteristics such as the device geometry itself, APSD,
spray angle, spray velocity, and orifice diameter while pre-
dicting regional deposition fraction of the initial dose in vari-
ous regions of interest. As a coarse approximation, regional
deposition fraction predictions can provide insight into the
in vivo performance of a given drug-device combination.
However, an additional technique is needed to predict local
and systemic drug concentrations. Physiologically-based
pharmacokinetic (PBPK) modeling is a compartmental tech-
nique that can predict local and systemic PK based on sev-
eral formulation and physiological input parameters. When
CFD and PBPK are combined, it is possible to predict in vivo
performance of an OIDP based on the device and formu-
lation. This review provides an overview of research using
CFD and/or PBPK to predict the performance of OIDPs, with
consideration for how these methods may be useful for ge-
neric development as well as how model credibility may be
assessed.

CFD MODELING OF OIDPS

Conceptually, CFD is a combination of fluid mechanics,
computer science, and mathematics for which there is a
wide variety of applications, including aerospace, process
engineering, automotive, power generation, sports, and
biomedical."" The Navier-Stokes equations of fluid motion
are a set of nonlinear, coupled, partial differential equations
that form the basis of CFD."" Because of their complexity,
analytical solutions of the Navier-Stokes equations are only
available in highly simplified cases."” Consequently, to solve
most real-world problems, a numerical solution technique
is necessary."" To implement this technique, the domain
of interest is decomposed into a set of elements called a
“mesh.”"" Most CFD solvers use a finite-volume method
in which the Navier-Stokes equations are integrated over
each volume, which produces a set of coupled algebraic
equations that are then solved numerically.11 Special con-
sideration is given for the handling of turbulent flow regimes,
where several different strategies are available that include
the less computationally intensive Reynolds-averaged
Navier-Stokes (RANS) methods or a large-eddy simulation
(LES) method that uses considerably more resources.!
Particle transport may be simulated via a Lagrangian ap-
proach in which individual particle trajectories are predicted
by using the governing ordinary differential equations or the
particles may be treated as a separate continuum using an
Eulerian approach.11 Upon completion of a simulation, the
results include local predictions of velocity, pressure, and
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temperature values as well as other values that may include
species mole fractions, turbulence parameters, and parti-
cle trajectory data.

Aerosolized medicine deposition in human lungs has
been investigated using CFD methods for nearly 3 de-
cades, with early work focusing on deposition predictions
within a single idealized lung bifurcation.®'* Several recent
reviews have summarized much of the work that has oc-
curred since the early efforts of Gradon and Orlicki'® and
Hofmann and Br:llélshélzy,14 which include a comprehensive
review by Longest and Holbrook'® of all in silico models
used to predict lung deposition. Recently, Longest et al.'®
followed up the previous review'® with updates in whole-
lung modeling capabilities using CFD, a discussion on the
role of CFD with inhaler design, the use of CFD for develop-
ment of new respiratory drug-delivery studies, CFD studies
in special populations, and a discussion on the merging of
CFD and PK models. Reviews by Wong et al.'” and Ruzycki
et al.'® focus on the role of CFD within inhaler design, where
as Wong et al.'” also describe discrete element modeling
(DEM), a computational technique that considers particles
as three-dimensional (3D) domains as opposed to the stan-
dard Lagrangian method, which considers particles as point
masses. A combined approach using CFD and DEM is
particularly useful for predicting DPI product performance,
where DEM is capable of capturing agglomeration and
deagglomeration processes because of the interactions of
carrier and active pharmaceutical ingredient (API) particles,
as summarized in recent reviews by Tong et al.'® and Yang
et al.?° In addition to the use of CFD for characterizing device
performance, some recent reviews have focused on meth-
odologies for capturing the influence of lung anatomy and
physiology on particle deposition from OIDPs. The status
of conducting airway modeling methodology as well as the
application of local ventilation boundary conditions and tur-
bulence model selection was reviewed by Lin et al.?’ It was
noted by Lin et al.?' that although some studies have used
RANS turbulence models for the prediction of aerosolized
medicine deposition, several studies using an LES method
have demonstrated good predictive capability, including a
study by Jayaraju et al.,?2 in which deposition predictions
were improved by using an LES method as compared with a
RANS model. Hofemeier et al.?* reviewed subacinar models
and their use in predicting deposition of aerosols in the deep
regions of the lung. Altogether, considering the breadth of
reviews available that describe the use of CFD for predicting
lung deposition, the portion of this review that addresses
CFD models will focus on recent developments not included
in these reviews, with a special focus on the utility of CFD for
generic inhaler design and considerations of lung models for
capturing intersubject variability.

PREDICTING THE INFLUENCE OF DEVICE AND
FORMULATION PARAMETERS ON REGIONAL LUNG
DEPOSITION USING CFD

To adequately compare a potential generic MDI to the RLD,
a CFD simulation must be able to accurately characterize
the spray, which requires consideration of the potential
impact from all device and formulation differences. Spray



characterization of MDIs using CFD is challenging because
of the several physical processes that include droplet
formation,?* the large temperature gradient at the device
orifice,?® high initial velocity values,?® and rapid evapora-
tion of the propellant.24 Several studies have considered
MDI delivery to the lungs using CFD, with varying physical
treatments.>”~%" Proper characterization of an MDI spray
requires the careful selection of orifice boundary condi-
tions because this process is crucial to understanding de-
vice differences. There are no known studies that directly
simulate the fluid behavior inside the MDI canister through
atomization. One group has used theoretical mathematical
formulations to produce both velocity and APSD boundary
conditions at the orifice, indicating good agreement with
experimental values using this approach.?”?® Recently,
this same group has developed a theoretical method for
predicting velocity and APSD boundary conditions for mix-
tures of ethanol and 1,1,1,2-tetrafluoroethane (HFA-134a),
as illustrated in Figure 1.%8 The method is based on work
by Fletcher® and Clark,*® where the behavior of constitu-
ents in the metering and expansion chambers, as shown in
Figure 1a, is modeled using a homogeneous frozen flow
model that does not permit evaporation in these regions
but rather allows isentropic expansion.ss’41 Upon exit from
the spray orifice, atomization is predicted using the model
developed by Gavtash et al.*? as displayed in Figure 1b,
where the initial output is treated as a flat sheet using the
linear instability sheet analysis framework as developed by
Senecal et al.,*® which predicts growth of the wave-induced
stabilities that are responsible for droplet breakup. Further
development and application of methods such as these will
be beneficial for future CFD studies seeking to compare a
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generic MDI to the corresponding RLD because they may
directly capture the influence of device and formulation
changes on APSD and other in vitro metrics.

Most CFD studies that model MDI behavior have applied
experimentally measured values to some or all of the orifice
boundary conditions, which include spray velocity, spray
angle, and APSD.?** However, experimental spray veloc-
ity measurements are not available directly at the orifice but
~20-50 mm downstream of the orifice, where some assump-
tions need to be made to specify orifice boundary condi-
tions. For example, Farkas et al.?° used several downstream
experimental spray velocity measurements to extrapolate to
the orifice. Most groups have used theoretical formulations
to estimate spray velocity.2”?23'37 Where reported, spray
angle is either taken from experimental measurements®
or varied to capture its influence on particle deposition.36
Experimental APSD values have either been specified using
measurements from an impactor®> or from a laser diffrac-
tion instrument,®>3® where impactor measurements are typ-
ically taken downstream of an US Pharmacopoeia induction
port attached the inhaler outlet, whereas laser diffraction is
capable of measuring APSD near the actuator outlet.

In addition to orifice boundary condition selection, certain
aspects of model selection are expected to significantly af-
fect MDI spray behavior directly downstream of the orifice
and may be important for accurate comparisons of device
performance. The expected large temperature gradient at
the orifice®® and the rapid evaporation of propellant®* may
significantly affect aerosol behavior and subsequently drug
deposition, but there is no consensus in the literature for
the manner in which these processes are modeled. Several
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Figure 1 Methodology used by Gavtash et al.?® to predict (a) fluid behavior in the metering and expansion chambers of ethanol/
propellant mixtures and (b) transitional behavior through the spray orifice into an annular sheet exiting the orifice followed by droplet
formation. HFA, hydrofluoroalkane; DSO, spray orifice diameter; H, annular liquid film thickness; Dgas, vapor phase diameter; Dlig,
unstable ligament diameter; HFA134, 1,1,1,2-Tetrafluoroethane; HFA227, 1,1,1,2,3,3,3-Heptafluoropropane. Reprinted with permission

of Taylor & Francis. Copyright © 2018 Taylor & Francis.
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studies have assumed that the temperature at the orifice
is at the boiling point of the propellant, and conservation
of mass was used to estimate the initial density.2%313334
Oliveira et al.®® specified a value of 215 K to the injected
droplets, which subsequently cooled the surrounding air.
For several studies, it is unclear what, if any, treatment for
heat transfer was applied.®**?%37 Studies conducted by
Gavtash et al.2?8 considered heat transfer but did not de-
scribe the method. Regarding evaporation, several studies
that model MDI delivery treat the initial aerosol state as a
dry particle, with the inherent assumption that propellant
evaporation is so rapid that it does not affect drug deposi-
tion.29-343637 | ongest et al.®' showed good agreement with
in vitro regional deposition data using this approach with
a suspension-based MDI. However, for studies that model
solution-based MDI delivery,?>® it is unclear whether this as-
sumption is appropriate considering that ethanol, a common
cosolvent in solution-based MDlIs, evaporates more slowly
than the propellant.?* A few studies did consider evapora-
tion,2"283% but details on model implementation were few.

The Respimat Soft Mist inhaler (Boehringer Ingelheim
GmbH, Ingelheim am Rhein, Germany) is a relatively new
type of inhaler that is similar in some ways to MDIs with
some fundamental differences. The energy for atomiza-
tion of the solution-based aerosol is provided by a spring-
loaded mechanism, which simultaneously avoids the need
for patient effort to generate the aerosol and for a pro-
pellan’f.44 The lack of propellant allows for aqueous solu-
tion formulations.** Other features of the device include
a high fine particle fraction (FPF) and a greatly reduced
aerosol velocity, which in turn increases the jet duration
to ~1.5 seconds from about 0.2 seconds (for an MDI).**
The FPF is the percentage of particles that are smaller
than 5 pm. In a general sense, a reduction in velocity and
high FPF are desirable because they tend to reduce aero-
sol deposition by inertial impaction, whereas increased
spray duration tends to improve patient coordination.
Considering the relative novelty of these design features
when compared with MDls, it is expected that CFD may
be useful for better understanding the impact that differ-
ences in device design may have on spray velocity and
duration.

A few studies have used CFD to model drug delivery
from Respimat products.**=*8 Similar to most MDI studies,
the device orifice APSD is specified using experimental
data.*>*8 Longest and Hindle*® recognized that based on
experimental data of stopping distances from Respimat-
generated aerosols, the droplet-air interaction should
be considered two-way coupled. A two-way coupled
interaction is when the fluid medium influences the dis-
persed phase while the dispersed phase also significantly
influences fluid behavior. However, considering the long
spray duration and available computational resources, a
one-way coupled approach with an effective velocity ap-
plied at the inlet was used that showed good agreement
with experimental results.*® Predictions from Longest and
Hindle*® indicated a loss of 23.7% of the drug, albuterol
sulfate, in the device, which was much greater than the
predicted loss of 5.1% in the attached US Pharmacopoeia
induction port. In a follow-up study, Longest and Hindle*®
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explored the impact of different excipients in an aqueous
budesonide solution on hygroscopic growth with a cap-
illary aerosol generator and a Respimat device using ex-
perimental and CFD techniques, where the one-way and
two-way coupled CFD results both showed good agree-
ment with experimental particle size measurements at the
system outlet. In a later study from the same group, Tian
et al.*’ predicted the deposition of a fenoterol solution
from a Respimat device in a realistic lung model devel-
oped by this group (described in Walenga et al.%), which
used a stochastic individual path method developed by
Tian et al.*® to predict small-airway deposition and a
correlation developed by Khajeh-Hosseini-Dalasm and
Longest® to predict alveolar deposition. Using a similar
method as in previous studies,*>*® Tian et al.*’ showed
predictions of mouth-throat, central lung, and peripheral
lung deposition, as shown in Figure 2, that were close
matches with available in vivo data from Newman et al.,%"
who had measured deposition values using radiolabeled
aqueous fenoterol solution in a Respimat device and a
gamma scintigraphy technique. In a recent study from a
different group that was sponsored in part by Boehringer
Ingelheim, Ciciliani et al.*® compared regional deposition
from a Respimat device and from three DPIs in which the
drug for each drug product was different than the others.

Predictions by Ciciliani et al.*® showed that the Respimat
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Figure 2 Predictions by Tian et al.*’ using computational fluid

dynamics (CFD) for mouth-throat, central lung, and peripheral
lung deposition of an aqueous fenoterol solution as delivered
by a Respimat Soft Mist Inhaler (Boehringer Ingelheim GmbH,
Ingelheim am Rhein, Germany), where predictions are compared
with in vivo gamma scintigraphy results from Newman et al.’!
DF¢ep C, CFD predictions of deposition fraction in the central
region; DF .y |, CFD predictions of deposition fraction in the
intermediate and peripheral regions; DF .y \,» CFD predictions
of deposition fraction in the mouth-throat region; DF,, .,
Experimental measurements of deposition fraction in the central
region; DF.y, ,» Experimental measurements of deposition
fraction in the intermediate and peripheral regions; DF.,p 1
Experimental measurements of deposition fraction in the mouth-
throat region; LPM, Liters per minute; PIFR, Peak inspiratory flow
rate. Reprinted with permission of Springer US. Copyright ©
2015 Springer US.



device delivered the most drug to the small airways and
the least amount to the mouth-throat.

When compared with MDIs and Respimat products in
which spray atomization is generated using energy from in-
ternal mechanisms, DPI aerosolization is accomplished by
a patient-generated flow rate that induces shear fluidization
of the particles.’? Typical DPI formulations consist of the
API particles and significantly larger carrier particles, which
are usually lactose.>® Because typical patient flow rates are
not sufficient to entrain smaller API particles, carrier parti-
cles are usually necessary.52 Once API-carrier combination
particles are entrained, deagglomeration occurs mainly as
a result of device impaction.? DPI performance is signifi-
cantly affected by the efficiency of the deagglomeration
process because carrier particle diameters are generally
about 100 pm,2 which is too large to bypass the mouth—
throat region.54 In contrast, API particles are ideally be-
tween 1 and 5 pm in diameter.%® Altogether, to understand
the full impact of device and formulation changes on DPI
performance, their impacts on the efficiency of deagglom-
eration and on the ability of a typical patient-generated flow
to entrain API-carrier combination particles need to be well
characterized.

Front view

Side view
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As reviewed by Tong et al.'® and Yang et al.,?° the com-
bination of CFD and DEM is capable of modeling particle—
particle, particle-wall, and particle-fluid interactions, which
affect agglomeration, entrainment, and deagglomeration of
API-carrier and API-API combination particles. Early de-
velopment of these models focused on mathematical rela-
tionships to characterize particle-particle and particle-wall
phenomena such as van der Waals, electrostatic, capillary,
and contact forces as well as particle—fluid interactions,
whereas some models that actually modeled DPI drug de-
livery were newly available at the time of those reviews.'®%°
Since 2015, when those reviews were published, several
studies involving CFD-DEM based models that consider DPI
delivery have been published.’®? Leung et al.*® investigated
the effect of two mouthpiece grid mesh designs on FPF of
four different albuterol sulfate formulations from an Aerolizer
DPI using an in vitro method. By switching from the original
grid mesh to a cross-grid design, FPF was reduced for drug-
only and 1:5 and 1:10 API-carrier ratio formulations, but not
for a 1:100 API-carrier ratio formulation, where correspond-
ing CFD-DEM simulations were able to describe the complex
relationship between flow and impaction differences caused
by the switch in mesh designs that explained differences in

Side view Front view

(d)

Side view Front view

Figure 3 Velocity contours and breakup patterns of agglomerate-agglomerate collision as predicted by Tong et al.%® at times of (a) 0,
(b) 0.15, (c) 0.26, and (d) 0.33 seconds after particle release. Reprinted with permission of Elsevier. Copyright © 2016 Elsevier.
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FPFE5® A follow-up study by Tong et al.%” used a CFD-DEM
approach to further investigate the impact of API-carrier ra-
tios on the FPF of albuterol sulfate formulations, where it was
concluded that by increasing API-carrier ratio the aerosol-
ization efficiency was increased, but the improvement was
dependent on carrier size. Recently, Nguyen et al.%® mea-
sured the FPF from two devices with the same budesonide
formulation using in vitro techniques, where CFD-DEM sim-
ulations used a semiempirical approach to provide apparent
surface energy of a given formulation to provide predictions
that were reasonably close to the measured values of FPF.
The efficiency of agglomerate-agglomerate collisions was
investigated by Tong et al.>® using a CFD-DEM approach, as
illustrated in Figure 3, where a correlation based on the ratio
of collision to cohesion energy was able to describe differ-
ences in FPF according to differences in air inlet velocity, the
Hamaker constant, and collision angle, which may be useful
for guiding device design. Several other recent studies have
provided insights on the influence of collisions on particle—
particle momentum exchange, the relative difference in time
required for APl and carrier particles to leave the device,
the influence of the Hamaker constant, the quality of a dry-
coating process based on certain parameters, and the influ-
ence of impact velocity, impact angle, and carrier rotation on
the dispersion process.®°?

In addition to current work using a CFD-DEM approach,
several recent studies have used CFD with the more tradi-
tional Lagrangian approach for particle tracking to investigate
DPI performance.®*478370 The use of CFD with Lagrangian
particle tracking for the investigation of DPI performance was
also recently reviewed by Sommerfeld et al.,”' who also in-
cluded some discussion on CFD-DEM models. A good ex-
ample of the utility of CFD with a Lagrangian approach comes
from Shur et ezl.,63 who made modifications to an existing
RLD device, Multihaler (Cipla Limited, Mumbai, India), and
tested eight different formulations of fluticasone propionate
in the modified devices with the intent of producing a drug-
device combination with comparable in vitro performance
to an existing drug—device combination, Flixotide Accuhaler
(GlaxoSmithKline UK Limited, Brentford, UK; fluticasone pro-
pionate DPI). A CFD method with Lagrangian particle track-
ing was used to characterize the differences in pressure drop,
particle residence time, and normal particle velocity at the
time of impact between Multihaler and Flixotide Accuhaler,
where two modifications to Multihaler were designed based
on these results.®® In vitro characterization of impactor sized
mass, fine particle mass, and mass median aerodynamic di-
ameter from the modified devices with the eight formulations
showed that the second modified device when combined
with the formulation that included sieved lactose and the
API with the least adhesion to lactose was most similar to
Flixotide Accuhaler.%® Suwandecha et al.%* made three mod-
ifications to Cyclohaler (Pharmachemie B.V., Haarlem, The
Netherlands; albuterol sulfate DPI) based on design elements
from another commercially available device (Rotahaler, Cipla
Limited, Mumbai, India), where CFD with Lagrangian particle
tracking was used to understand how the different modifica-
tions affected metrics such as pressure drop and number of
impacts per particle. The third modification of Cyclohaler was
predicted by CFD to have the best performance, which was
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confirmed via in vitro experiments that measured FPF and
mass median aerodynamic diameter (MMAD).%* Several dif-
ferent alterations of Turbuhaler (AstraZeneca plc, Cambridge,
UK; budesonide DPI) were investigated by Milenkovic et al.%®
using CFD with Lagrangian particle tracking, where pre-
dictions indicated which design produced the highest FPF
and the lowest device deposition. Several recent papers by
Kopsch et al.”> have taken a different approach to others
by using an Eulerian particle tracking method rather than a
Lagrangian approach to predict particle behavior. This new
method has been used to predict powder entrainment from
three custom DPIs, where experimental measurements of
drug-release profiles showed reasonably close matches to
predicted values.”

In addition to its ability to model effects of device and
formulation changes on OIDP drug delivery, CFD may also
be useful for characterizing effects of intersubject variabil-
ity according to healthy and diseased lung structure, which
are pertinent to understanding the BE of two drug prod-
ucts. Disease modeling is covered by Longest et al.’® in
some detail and is not repeated here. A recent review by
Martin et al.”® included a discussion that highlighted the
ability of in vitro and analytical methods to predict mouth-
throat and total lung deposition on a population basis.
However, as Martin et al.”® pointed out, there is no current
method for assessing small-airway intersubject variability
because little is known about structure in this region as the
result of insufficient resolution in current computed tomog-
raphy scan technology for imaging in this area. Although it
is true that this limitation applies to CFD as well as other
methods, CFD is currently more suitable for studying
small-airway intersubject variability when compared with in
vitro or analytical methods because of its ability to couple
small-airway predictions with validated large-airway pre-
dictions and then vary small-airway dimensions to inves-
tigate sensitivity.

As reviewed by others, several methods have been devel-
oped to allow for the prediction of regional drug deposition
from the extrathoracic region all the way to the alveolar re-
gion.'®2" However, although there are several studies that
have investigated small-airway deposition using a variety of
CFD methods,?'3+467677 yery few have addressed the ef-
fects of small-airway variability. A technique developed by
de Backer and colleagues uses four computed tomography
scans for each of several subjects to define upper-airway
geometries, where scans are taken after normal expiration at
functional residual capacity and after deep inhalation at total
lung capacity before and after treatment.”®’” The scans at
functional residual capacity and total lung capacity are seg-
mented on a lobar basis to determine airflow distribution,
whereas the upper airways are segmented to provide geo-
metric models for CFD analysis, where pressure outlets on
the resulting upper-airway models are chosen to represent
airflow distribution measured via lobar segmentation.”®"”
This method, which has been termed functional respiratory
imaging, can then be used to predict central and peripheral
depositions for all subjects in the study, where this method
was used to predict central to peripheral ratios for both APIs
of a combination product (Flutiform, Bard Pharmaceuticals
Limited, Cambridge, UK; fluticasone propionate/formoterol



fumarate MDI) for several different inhalation conditions in six
subjects with asthma.””

PBPK MODELING COUPLED WITH CFD TO PREDICT
DRUG ABSORPTION IN THE LUNGS

It is widely considered that regional deposition values for lo-
cally acting OIDPs provide a good estimate of drug delivery.
However, the precise characterization of the rate and extent
of drug delivered to the site of action for these products re-
quires lung tissue concentration measurements. Although
it is possible to directly measure unbound drug in lung tis-
sue interstitial fluid using a microdialysis technique, it must
be done during open chest surgery, making it an imprac-
tical technique for comparing two drug products in a BE
study.®’ In the absence of direct lung tissue concentration
measurements, PBPK modeling is useful for understanding
the differences in drug product performance because it is
capable of predicting lung tissue concentrations for locally
acting OIDPs. A PBPK model is a compartmental approach
in which various tissues in the body (e.g., brain, lung, kid-
ney, etc.) are represented by separate compartments with
corresponding tissue volume and blood flow rate values,
and it represents a more mechanistic approach when com-
pared with a simple two-compartment PK model.”® When
paired with accurate regional deposition data, a PBPK
model may be capable of predicting lung tissue concentra-
tions with enough accuracy that results may be useful for
drug development. In addition, PBPK is capable of simulta-
neously predicting pulmonary and gastrointestinal tract ab-
sorption, which is useful for understanding the competing
effects of absorption from these two regions on systemic
plasma concentration values. When paired with a validated
CFD model capable of predicting regional deposition with
a reasonable amount of accuracy, the combination of CFD
and PBPK represents a fully in silico approach to OIDP
development. This may be especially useful in early drug
development, when many device and formulation changes
are expected yet the firm may not wish to invest too much
because of the perceived risk.

Lung PBPK modeling for delivery of locally acting OIDPs
is a relatively unexplored area when compared with PBPK
modeling of solid oral dosage forms. PBPK modeling from
a pulmonary toxicology perspective has a somewhat lon-
ger history, with published work available as early as 2008"°
and with several studies published afterward. A recent re-
view by Backman et al.® provides an overview of available
lung PBPK models for pharmaceutical drug delivery and of
those developed for private use by industry. Key consider-
ations according to model structure and parameterization
for the models described were divided into aerosol depo-
sition, dissolution, nonabsorptive clearance, and absorptive
clearance.® The only commercially available PBPK software
that was capable of addressing all four of these areas as
identified by Backman et al.® was Gastroplus (Simulations
Plus, Rochester, NY), where other available packages such
as the SimCyp Simulator (Certara USA, Princeton, NJ) and
PK-SIM (Bayer AG, Leverkusen, Germany) reduced disso-
lution to first-order processes, which limited their ability to
model region-specific absorption. One notable example of a
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custom PBPK model was developed by Boger and Fridén,°
who used PBPK combined with PD modeling to predict val-
ues of forced expiratory volume after 1 second after the ad-
ministration of albuterol sulfate using either an OIDP or an
oral tablet, where the predicted values of forced expiratory
volume after 1 second show reasonable agreement with the
clinical data.

Onlyafew studieshave used the Pulmonary Compartmental
Absorption & Transit (PCAT) model in Gastroplus to model
absorption from OIDPs.”%8'8% The effect of different carrier
properties on systemic PK was investigated by Wu et al.®!
who measured APSD from two formulations of albuterol sul-
fate using the Cyclocaps capsules Teva UK, Harlow, UK in
an Aerolizer device, where glass beads were used as carrier
particles as opposed to lactose because of the ease of sur-
face modification. Values of maximum plasma concentration
(C,.a) and FPF were increased by factors of 1.20 and 1.36,
respectively, for the formulation where the glass bead sur-
face was modified as opposed to the formulation with the
unmodified glass beads.?' The predictive power of deposi-
tion and permeability estimates provided by the Gastroplus
PCAT model when compared with in vivo deposition data
and experimentally determined alveolar permeability data
was tested by Salar-Behzadi et al.,®? where predictions of
C,nax @nd area under the time-concentration curve from time
0 to time t from Turbuhaler (budesonide DPI) when compared
with available PK data were greatly improved by the addi-
tion of experimental data. Backman et al.%® used Gastroplus
PCAT to model the exposure of a poorly soluble investi-
gational compound, AZD5423, using a number of delivery
methods, including different nebulizers and DPI devices,
where it was found that total lung deposition values from an
in vitro model were not alone predictive of differences in PK
metrics, but when deposition pattern and dissolution were
also considered, the predictions matched well with available
PK data.

Although most studies have used empirical or simpli-
fied analytical models to predict lung deposition for lung
PBPK modeling of pharmaceutical drugs, two have used
CFD.”%8% A CFD model using a Lagrangian particle-tracking
method was used to predict emitted dose, MMAD, and FPF
of four amiloride hydrochloride (HCi) formulations from an
Aerosolizer device, where predicted values showed reason-
able agreement with impactor-based emitted dose data,
although MMAD values were underpredicted.70 These pre-
dicted values were used as inputs for a Gastroplus PCAT
model of nebulized amiloride HCI, where the predictions
agreed reasonably well with available PK data® in terms
of C,,, and time to maximum plasma concentration, as il-
lustrated in Figure 4, especially for the case in which the
absorption rate constant in the pulmonary region was re-
duced by 50%.7° However, the model did overpredict area
under the time-concentration curve from time 0 to time
(AUC,_.) because of its inability to capture the trough be-
tween the double peaks, where the double peaks are pres-
ent because of competing absorption processes in the lung
and the gastrointestinal tract.”® After the validation case
with nebulized amiloride HCI, the model was used to pre-
dict PK profiles for the four DPI-based formulations, where
significant differences were observed.”®
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As opposed to Vulovié et al.,”® where the CFD model served

to provide parameter inputs to the PBPK model, a new mod-
eling approach detailed in Kannan et al.®* uses a quasi-3D
(Q3D) CFD approach to model the transport and absorption
of a deposited drug in the lungs. The first step in the proposed
process is to simulate drug deposition using a fully 3D CFD
model, where deposition locations are then translated to the
Q3D model.®* The Q3D model is a simplified version of the
3D model, where the realistic 3D geometry is decomposed
into a series of cylinders.84 Using the Q3D geometry, flow and
deposited drug transport may be solved in a one-dimensional
manner.2* Details on how the Q3D approach may be used
to model fluid transport are available in Kannan et al.®® The
primary advantage of using the Q3D approach to model ab-
sorption is that mucociliary transport of the undissolved and
dissolved drug in the mucus lining may be modeled with
much greater precision than with a compartmental approach.
It is possible that this enhanced precision will allow the PBPK
model to simultaneously capture pulmonary and gastrointes-
tinal tract absorptions with greater accuracy.

MODEL CREDIBILITY—VERIFICATION AND
VALIDATION

Although CFD and PBPK are useful tools for understand-
ing the mechanisms associated with OIDP delivery, model
credibility should be established for these tools to be used
effectively, particularly for regulatory decision making.
Validation for PBPK models typically involves compar-
ing systemic PK end points, such as C_, and area under
the time-concentration curve from time 0 to time t after
administration of OIDPs. If PK data from an intravenously
administered drug are available, this can be useful for pre-
dicting clearance parameters. Wu et al.®', Salar-Behzadi
et al.,%? and Backman et al.®® used intravenous data to es-
timate clearance, whereas others did not, presumably be-
cause they were unavailable.”>* Some studies used data
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from an oral dosage form of the same drug to build an oral
model with the purpose of increasing confidence in the lung
model.”>®" A primary limitation for validating lung PBPK
models is that there is a lack of lung tissue concentration
data, so it is generally not possible to validate the model
against the true metrics of interest. Until this issue is solved
either via collection of human lung tissue concentration
data or some other approach, lung PBPK model validation
will likely be limited to comparison with systemic plasma
concentration values, which does not ensure that local con-
centration predictions are accurate.

For CFD, several studies have validated the model via
comparison of predicted regional deposition values with
in vitro or in vivo data.?®31:3447.698789 Eqr comparison with
in vitro data, a replica of the computational geometry may
be generated using rapid prototyping, and regional depo-
sition after actuation of the device into the geometry may
be quantified using high-performance liquid chromatogra-
phy.®" Validation with in vivo data uses data collected via
gamma scintigraphy with radiolabeled aerosols, where two-
dimensional images of deposition locations are used to es-
timate central and peripheral deposition amounts.*”® As
shown in Figure 3, the regional deposition predictions of the
Respimat Soft Mist inhaler drug delivery from Tian et al.*’
were compared against gamma scintigraphy data. Another
approach has been to use particle image velocimetry to
experimentally measure local velocity values in an in vitro
replica of the in silico model and then to compare the in sil-
ico predictions to the in vitro data on a qualitative basis.®%%°
Validating against particle image velocimetry data may be
especially useful if deposition predictions are also validated
against experimental deposition data.

FUTURE DIRECTIONS

The Office of Generic Drugs (OGD) in the Center for Drug
Evaluation and Research at the FDA has funded two grants



related to the in silico modeling of OIDPs prior to fiscal year
2018 using funds obtained from the Generic Drug User
Fee Amendments regulatory science program.91 In 2014, a
grant titled “A Predictive Multiscale Computational Tool for
Simulation of Lung Absorption and Pharmacokinetics and
Optimization of Pulmonary Drug Delivery” was awarded to
CFD Research Corporation for the development of an inte-
grated CFD-PBPK lung model, which has been previously
described in this article.8+8%9! The key gap that this grant
addressed is the lack of PBPK models for OIDPs that take
full advantage of CFD for its ability to both predict depo-
sition and to capture the effects of mucociliary clearance.
In addition, a grant titled “A Cluster-Based Assessment of
Drug Delivery in Asthmatic Small Airways” was awarded
to the University of lowa in 2016.%" This grant is currently
ongoing, and the purpose of the project is to use CFD to
explore intersubject variability of small-airway delivery to
asthmatic patients from OIDPs using a cluster-based ap-
proach to identifying different asthma subgroups.®' As de-
scribed earlier in this article, because in vitro and in vivo
methods are unable to measure drug-delivery variability in
the small airways, it is believed that CFD may be a useful
tool for quantifying this variability, where the results of this
grant are expected to advance this capability.

There are several examples in the literature demonstrat-
ing the usefulness of CFD for OIDP development, espe-
cially with respect to guiding device changes.®*%® However,
several issues remain unsolved and must be addressed if
CFD is to be capable of fully capturing the effects of de-
vice differences on OIDP performance. The definition of or-
ifice boundary conditions remains a key challenge for MDI
models because experimentally measured values of veloc-
ity, temperature, and APSD are only available downstream.
If possible, a mechanistic model of atomization using CFD
or another modeling strategy may be useful for solving
this problem, where work by Gavtash and colleagues may
represent a key step in this direction.?”?® Further refine-
ment of heat-transfer modeling approaches may improve
the accuracy of CFD-based MDI models, especially for
solution-based MDIs, where the evaporation of ethanol in
droplets from these formulations is sensitive to local tem-
perature changes. Although not discussed at length in this
review, evaporation model selection is another key issue
for solution-based MDIs, for which a key consideration is
the characterization of nonideal mixture behavior.®>% With
respect to OIDPs that use the Respimat Soft Mist inhaler
device and for any potential generic OIDPs that reference
that device, the modeling approaches described in the liter-
ature have shown promise for accurately predicting regional
deposition.***® From the perspective of generic OIDP de-
velopment, future work to characterize the differences in
device characteristics such as orifice diameter and chamber
volume and device metrics such as spray angle, spray ve-
locity, and spray duration would be useful for understanding
how product differences may influence regional deposition.
For DPIs, several studies have used CFD with a Lagrangian
particle-tracking approach to demonstrate how such mod-
els may be used to guide device changes.®*® However,
Lagrangian particle tracking requires several assumptions to
account for agglomeration and deagglomeration of APl and
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carrier particles. The combination of CFD and DEM mod-
eling is capable of directly modeling these processes and
with further validation may allow for the enhanced precision
of formulation change effects on deposition and FPF. To this
end, the OGD has recently funded two grants using funds
obtained from the Generic Drug User Fee Amendments for
the development of CFD-DEM methodologies applicable to
DPIs.** Improvements in this area are expected to involve
the refinement of models, especially with respect to the
complete characterization of electrostatic forces and the
generation of experimental data that may be used to vali-
date the accuracy of agglomeration and deagglomeration
modeling on a more direct basis than deposition-based val-
idation is capable of. In addition, as noted in the review by
Yang et al.,?° a study by Kaialy et al.*® has demonstrated
that particle shape can affect DPI performance. Both new
grants will consider the effect of particle shape on various
performance metrics by using DEM to model either cylindri-
cal particles or several spherical particles packed together
to approximate irregular shapes. Another area of improve-
ment to be addressed is the effect of humidity, where one
grant will explore the effect of humidity on the triboelectric
charge of dry powders.

The intersubject variability of OIDP regional deposition in
human airways has been considered,2*44676.77 bt a key
challenge is the difficulty in establishing model credibility,
especially with respect to small-airway deposition predic-
tions. Future work is needed to enhance confidence in the
predictive capability of these models. In addition, to fully
understand how device and formulation differences may
affect OIDP performance, the interaction of these differ-
ences with intersubject human airway variability must also
be understood. Several studies have combined OIDP de-
vice and realistic human airway geometries,2%-33:3436:45.76.77
but these studies tend to have a strong focus on either de-
vice or human airway differences without much consider-
ation for interactions between the two geometries. A study
that considers how device and formulation differences af-
fect not only the mean regional deposition values but also
the intersubject variability would be useful from a generic
perspective. Another consideration for future models that
consider human airway intersubject variability is the appro-
priateness of the rigid airway wall assumption applied by

Medium Risk

Model Influence

Low Risk

Decision Consequence

Figure 5 Qualitative description of the interaction between
model influence and decision consequence on model risk.
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most models because it is known that human airway diam-
eter and length change dynamically during inhalation and
exhalation. Although several models have considered the
effects of moving airways either indirectly’®’” or directly,®
the impact of this assumption for regional deposition pre-
dictions as it relates to device type (i.e., MDI, DPI, etc.) is not
well understood.

Several promising PBPK models of locally acting OIDPs
have been developed that have shown the ability to predict
systemic plasma concentration values with reasonable accu-
racy. However, examples of lung PBPK modeling in the liter-
ature are few, and more examples are needed to explore the
potential utility of these models with respect to guiding for-
mulation and device changes. Validation based on systemic
absorption is the current approach, which is particularly use-
ful if the purpose of the model is to assess the probability of
passing a PK study with a proposed generic OIDP and the
RLD. However, if the purpose of the model is to assess the
local BE of a generic OIDP in relation to the RLD, the key met-
ric of interest is lung tissue concentration at different regions
of the lung. In this scenario, the ideal experimental data for
validation would be unbound drug in human lung tissue in-
terstitial fluid. The difficulty of obtaining this type of data via
microdialysis is very challenging because it may only be col-
lected during a surgical procedure, rendering the regular use
of such data for validation impractical. However, a few lim-
ited data sets may still prove useful for establishing overall
credibility of lung PBPK modeling. Another area of potential
improvement for lung PBPK models is mucociliary clearance
methodology, where most models use a compartmental ap-
proach. Kannan and colleagues have addressed this issue
in part by developing a Q3D methodology that is capable of
local absorption prediction with much greater precision.8+8¢ A
Generic Drug User Fee Amendments—funded continuation of
this work has recently been announced by the OGD, which will
involve the expansion of the Q3D model to include respiratory
airways and the application of the Q3D methodology to other
lung geometries.®*

To date, CFD and PBPK models have generally estab-
lished model credibility via comparison of predicted values
with experimental data. However, there is no currently ac-
cepted standard for assessing how closely predicted val-
ues should match experimental data for a given application.
One proposed methodology is verification, validation, and
uncertainty quantification, as described by Pathmanathan
et al.%” and Pathmanathan and Gray.*® A key concept de-
scribed by this group is context of use, which refers to the
level of evidence required to establish model credibility.®”
The level of risk for a given model is an interaction of the
model’s influence in a given decision-making process and
also the consequence of the decision,97 which is illustrated
in Figure 5. Higher risk models would require higher eviden-
tiary standards if model credibility is to be reliably assessed.
Once the level of evidence required is established for a given
application, the group proposes that the model be assessed
according to verification, validation, and uncertainty quan-
tification.®® As defined by Pathmanathan and Gray,*® veri-
fication refers to the numerical accuracy of the model with
respect to the mathematical formulation of the problem of
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interest, validation refers to accuracy of the model as com-
pared with reality, and uncertainty quantification explores
the influence of parameter sensitivity of the results of inter-
est. Many of the ideas described by Pathmanathan et al.®’
and Pathmanathan and Gray98 are echoed in the recently
published standards released by the American Society of
Mechanical Engineers (ASME) for establishing the credibility
of medical devices, which have been referred to as ASME
V&V 40.%° The ASME V&V 40 standards provide more spe-
cific details on how verification, validation, and uncertainty
quantification methodology may be applied.99 Although
none of the ideas expressed in the literature described
here®®8 or in ASME V&V 40 are specifically endorsed by
the OGD or the Center for Drug Evaluation and Research
for the review of OIDPs, they provide a useful means for
developing a rigorous model that may prove useful for OIDP
development.

CONCLUSIONS

There is a current lack of generic OIDPs on the US mar-
ket, where increased costs and a reduction in accessibility
are associated with this situation. To aid with the develop-
ment of generic OIDPs, CFD and PBPK modeling may be
useful for reducing the number of device and formulation
changes by quantifying the influence of specific modifi-
cations. Research involving the CFD modeling of OIDPs
has been ongoing for several decades, with much of the
focus on the development of geometric lung models and
improvements in regional deposition prediction accuracy.
More precise modeling of device-specific and formulation-
specific influences on OIDP performance with CFD is more
recent, where most studies have focused on modeling de-
vice and formulation effects of DPIs. Other efforts have in-
vestigated the influence of orifice boundary conditions on
MDI performance and have developed an experimentally
validated model for products using the Respimat device.
CFD models may also be useful for assessing intersubject
variability of small-airway deposition, but only limited work
in this area has been completed thus far. PBPK models
have been recently developed for the delivery of locally
acting OIDPs to the lung, with a few examples in the lit-
erature. The current models may be useful for predicting
the probability of passing a PK study that compares a
potential generic OIDP with the RLD. Further enhance-
ments in model precision and credibility may be needed
to use PBPK models for comparing the local deposition
of two OIDPs. To establish model credibility for both CFD
and PBPK, researchers have typically used experimentally
derived in vitro and in vivo data to compare against model
predictions. The more rigorous verification, validation, and
uncertainty quantification methodology may be useful for
enhancing the credibility of CFD and PBPK models to be
used during the OIDP development process. As model
credibility and predictability are continually improved, it is
expected that CFD and PBPK will increasingly occupy a
more significant role in the generic OIDP development pro-
cess, where expected benefits include reductions in time
and cost.
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