Received: 25 August 2022 Revised: 17 October 2022 Accepted: 27 October 2022

DOI: 10.1002/psp4.12889

REVIEW AseeT

Mechanistic modeling of generic orally inhaled drug
products: A workshop summary report

Ross L. Walenga' | Clare Butler’ | Brent A.Craven®’® | P.Worth Longest® |
Raja Mohamed® | Bryan Newman® | Bo Olsson’ | Giinther Hochhaus®® | BingV.Li’ |
Markham C. Luke® | Liang Zhao' | Andrzej Przekwas'’® | Robert Lionberger

!Division of Quantitative Methods and Modeling, Office of Research and Standards, Office of Generic Drugs, Center for Drug Evaluation and
Research, US Food and Drug Administration, Silver Spring, Maryland, USA

Tnhaled Drug Product Research and Development Division, Teva Pharmaceuticals Ireland, Waterford, Ireland

*Division of Applied Mechanics, Office of Science and Engineering Laboratories, Center for Devices and Radiological Health, US Food and Drug
Administration, Silver Spring, Maryland, USA

4Virginia Commonwealth University, Richmond, Virginia, USA
SNovartis Healthcare Private Ltd, Sandoz Development Centre (SDC), India

*Division of Therapeutic Performance I, Office of Research and Standards, Office of Generic Drugs, Center for Drug Evaluation and Research,
US Food and Drug Administration, Silver Spring, Maryland, USA

"Emmace Consulting AB, Lund, Sweden
8Depaurtment of Pharmaceutics, University of Florida, Gainesville, Florida, USA

°Office of Bioequivalence, Office of Generic Drugs, Center for Drug Evaluation and Research, US Food and Drug Administration, Silver Spring,
Maryland, USA

°CED Research Corporation, Huntsville, Alabama, USA

H0ffice of Research and Standards, Office of Generic Drugs, Center for Drug Evaluation and Research, US Food and Drug Administration, Silver
Spring, Maryland, USA

Correspondence
Ross L. Walenga, Food and Drug Abstract
Administration, White Oak Building In silico mechanistic modeling approaches have been designed by various stake-
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Email: ross.walenga@fda.hhs.gov inhaled drug products in the United States. This review summarizes the presenta-

holders with the goal of supporting development and approval of generic orally

tions and panel discussion that comprised a workshop session concentrated on
the use of in silico models to predict various outcomes following orally inhaled
drug product administration, including the status of such models and how model
credibility may be effectively established.

BACKGROUND obstructive pulmonary disease (COPD), cystic fibrosis,

and influenza, among others." Drug delivery via oral in-
Orally inhaled drug products (OIDPs) are commonly used ~ halation offers several advantages compared with other
to treat a variety of diseases that include asthma, chronic dosage forms, including the relatively high epithelial
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permeability of the lung, its large surface area, relatively
small amounts of aqueous fluid at the surface, and the
presence of fewer metabolizing enzymes compared with
the liver and gastrointestinal (GI) tract.”® However, the
cost of potentially lifesaving OIDPs used to treat asthma
and COPD is often burdensome and may reduce patient
compliance.”'* Generic drug product competition is one
way to reduce associated costs of OIDPs, but the compli-
cated interplay between device, formulation, and patient
use factors presents several challenges for the evaluation
of generic OIDPs." To facilitate accelerated development
and approval of generic OIDPs, new methods are needed
that are capable of considering the complexities of orally
inhaled drug delivery while reducing the cost of such
methods.

Various in silico mechanistic modeling approaches
have been used to answer a variety of questions related to
OIDP function and performance, which may be useful for
facilitating development and approval of generic OIDPs."
These in silico methods are used to either predict regional
deposition or to predict the local and systemic pharmaco-
kinetics (PK) for the drug of interest. Regional deposition
may be predicted using a semi-empirical method such as
the model developed by the National Council on Radiation
Protection and Measurements,'* which captures the im-
pact of aerodynamic particle size distribution (APSD)
on deposition. Computational fluid dynamics (CFD) is a
physics-based technique that can predict fluid and particle
transport in realistic device and lung geometries and may
be used to examine the influence of APSD, plume geome-
try, spray pattern, and inhalation waveform characteristics
on regional deposition.'* Physiologically based PK (PBPK)
modeling is a mechanistic compartmental modeling tech-
nique that may be used to predict PK by considering the
fate of deposited particles with model components for dis-
solution, mucociliary clearance, absorption, distribution,
metabolism, and excretion.'® Typically, PBPK is combined
with regional deposition predictions from either a semi-
empirical model or a CFD model, although experimental
data may also be used as direct inputs to the model.

The use of various modeling approaches to support
development and approval of OIDPs was the subject of
one of the sessions that were part of a workshop orga-
nized by the Center for Research on Complex Generics
and the US Food and Drug Administration (FDA) with
the title “Regulatory Utility of Mechanistic Modeling to
Support Alternative Bioequivalence Approaches” that was
held virtually on September 30 through October 1, 2021,
and included a symposium on the first day with the title
“Mechanistic Modeling of Locally-Acting Generic Drug
Products.”*® The first part of that symposium was a session
with the title “Mechanistic Modeling of Orally Inhaled
Generic Drug Products—Speakers and Panel Discussion.”

ASCPT

The primary purposes of this session of the workshop
were to promote discussion among various stakeholders
from the generic drug industry, academia, and FDA re-
garding the use of in silico models to increase the num-
ber of generic OIDPs in the US market, summarize the
status of relevant in silico model development, and exam-
ine best practices for establishing model credibility. The
session was organized into a series of seven presentations
with European and American speakers from industry, ac-
ademia, and FDA, followed by a 45-min panel discussion
with the seven speakers as well as the two session mod-
erators and four additional panelists. The presentations
covered a variety of topics, including an overview of com-
plex generic OIDPs, establishment of model credibility,
semi-empirical and CFD regional deposition model case
studies, the use OIDP modeling for regulatory purposes,
FDA experience with models designed to support generic
OIDP approval, and PBPK modeling to show how rela-
tionships between in vitro metrics and systemic PK met-
rics may be identified. This review article summarizes the
presentations and panel discussion from this workshop
session followed by some conclusions. The content from
other sessions and symposiums in the workshop will also
be published separately.

PRESENTATIONS
Overview of complex generic OIDPs

Dr. Bryan Newman (FDA) gave a presentation on the
challenges and complexities associated with developing a
generic OIDP, including the current and recent advance-
ments in FDA's framework for establishing bioequiva-
lence (BE) across a range of dosage forms. Although the
characteristic features of respiratory diseases (e.g., their
causes, pathological presentation, and affected patient
population) can vary considerably, the method of choice
for therapy has generally focused on delivering treat-
ments directly to the lungs through patient inhalation.
Achieving adequate delivery of the medication to the spe-
cifically affected lung regions is often considerably chal-
lenging for drug developers. For locally acting OIDPs,
adequate regional lung deposition requires aerosolization
of appropriately sized drug particles to ensure that off-
target deposition in regions such as the mouth and throat
are minimized, which can also minimize the likelihood
for adverse effects from systemic exposure.

During the first portion of his talk, Dr. Newman intro-
duced some of the various methods the pharmaceutical
industry has used for inhaled drug delivery, including me-
tered dose inhalers (MDIs), dry powder inhalers (DPIs),
nebulizer-driven inhalation solutions and suspensions, and
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the more recently developed inhalation spray products (i.e.,
Soft Mist™ inhalers [Boehringer Ingelheim, Ingelheim am
Rhein, Germany]). Each of these dosage forms presents
unique sources of complexity to consider during product
development. The mechanisms for aerosolizing the dose,
formulation composition, and nature of the depositing
particles can differ between the different dosage forms.
Likewise, the administration steps and user interface asso-
ciated with each dosage form's device constituent affect the
patient's interaction with the dosage form during drug de-
livery and contribute to the level of complexity. Given these
differing aspects of complexity for locally acting OIDPs, the
FDA has generally used a weight-of-evidence approach for
establishing BE between a test and reference OIDP, where
variations of this approach are detailed in publicly posted
product-specific guidances (PSGs). The recommended
BE approach included in an OIDP's weight-of-evidence
approach can differ, but for a locally acting OIDP, it often
includes both in vitro and in vivo BE studies along with
formulation sameness and device similarity. The recom-
mended in vitro BE studies provide a sensitive approach for
detecting formulation differences that could impact perfor-
mance, and although the type of in vitro BE study can differ
between dosage forms, each is recommended to be con-
ducted across all strengths using three test and reference
batches. For the recommended in vivo BE studies, these
include PK BE studies either alone or along with compar-
ative clinical endpoint (CCEP) or pharmacodynamic (PD)
BE studies. PK BE studies are included to evaluate whether
there are differences in systemic exposure between the test
and reference OIDP and are also recommended to be con-
ducted across all strengths. Lastly, and depending on the
dosage form, CCEP or PD BE studies are included for eval-
uating the local drug delivery equivalence between a test
and reference OIDP. These studies often present the most
challenges for a generic applicant to complete given their
longer study duration and associated higher costs.

Given the challenges that generic applicants encoun-
ter with CCEP or PD BE studies, Dr. Newman concluded
his talk with a focus on FDA's current thinking for po-
tential alternative approaches to these studies. In its
evaluation of local drug delivery equivalence, the CCEP
or PD BE study incorporates all steps from actuation
of the OIDP to deposition of the drug particles in the
lungs. As such, FDA's current thinking is that through
a set of in vitro, in silico, and/or alternative in vivo
studies, a body of supporting data can be obtained that
can serve as an alternative approach to conducting the
CCEP or PD BE study within the context of the weight-
of-evidence approach. Stemming from results from the
FDA's regulatory science initiatives funded through the
Generic Drug User Fee Amendments, recommendations
for an alternative approach to the CCEP or PD BE study

have been included in recent revisions to the PSGs for
several solution-based MDIs.'”?° Notably, the types of
studies that may serve as alternative BE approaches may
depend on the specific dosage form and formulation of
the OIDP. As stated previously, these alternative BE ap-
proaches can incorporate in silico methods that may be
useful in demonstrating how the results from the other
alternative BE studies can work together to establish
local drug delivery equivalence. Potential examples for
in silico approaches that could be incorporated include
semi-empirical regional deposition models, CFD models,
and PBPK models. Semi-empirical models could be used
to provide branch-specific deposition predictions that
could be summed together to obtain predictions on re-
gional deposition, whereas CFD models could be used to
better predict how an aerosolized dose can be influenced
by realistic airway geometries in healthy subjects or pa-
tients to impact regional deposition. Inclusion of a PBPK
model may offer a way to predict both local and systemic
PK and examine how factors such as drug dissolution,
absorption, and metabolism may influence local drug
concentrations.

ASME V&V 40 for establishing credibility of
CFD models

Dr. Brent Craven (FDA) gave a presentation on the
credibility assessment of computational modeling and
simulation (M&S) of medical devices, which may be ap-
plicable to M&S for OIDPs. He first provided an over-
view of the American Society of Mechanical Engineers
(ASME) Verification and Validation (V&V) 40-2018
risk-informed framework for assessing M&S credibil-
ity.”! The framework is founded on the principle that
the credibility of a computational model should be com-
mensurate with the risk incurred by using the model to
influence a decision. For example, if M&S results are to
be used as a primary source of evidence to inform a deci-
sion that has the potential to cause severe patient harm,
then the model should be shown to be highly cred-
ible. Model credibility is generally established through
verification, validation, and uncertainty quantification
(VVUQ) activities.

A flow chart illustrating the credibility assessment
framework of ASME V&V 40-2018 is illustrated in
Figure 1. The first step is to define the question of inter-
est that describes the specific decision that is to be made,
which is usually a high-level decision concerning the med-
ical device that is often outside of the scope of the compu-
tational model (e.g., “Is the pulmonary regional deposition
of the generic orally inhaled drug product equivalent to
the brand-name product?”). The model context of use
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FIGURE 1 Flow chartillustrating the American Society
of Mechanical Engineers Verification and Validation 40-2018

framework for establishing the credibility of computational
modeling and simulation of medical devices.”

(COU) is then defined that describes precisely how the
computational model will be used to address the question
of interest. Next, a model risk assessment is performed to
establish how much risk is incurred by using the model to
inform the question of interest. The model risk is generally
characterized using a semiquantitative scale, ranging from
“low risk” to “high risk.” As shown in Figure 1, a credi-
bility plan is then formulated that describes the specific
VVUQ and applicability analyses that will be performed
to demonstrate model credibility. ASME V&V 40-2018 in-
troduces a sequence of credibility “factors” that are used to
guide the credibility plan.*" As part of this, credibility goals
are established for each activity such that if all goals are
achieved, the overall level of model credibility would be
commensurate with the model risk. The analyst then per-
forms the modeling and executes the credibility activities.

ASCPT

Finally, an adequacy assessment is performed in which the
model results and the overall level of model credibility are
considered relative to the established model risk. If both
the model results and the credibility are acceptable, then
the activities are documented, and the results may be used
to inform the question of interest. If, however, the model
results or the credibility are not acceptable, then there
are several options. The model could be improved or ad-
ditional VVUQ analyses could be performed to increase
the credibility. Alternatively, the COU could potentially
be revised to change how modeling is used to reduce the
model risk. Otherwise, as a last resort, the model may be
abandoned and other information (e.g., experiments) used
to answer the question of interest. Such may be the case if,
for example, revising the model is more costly than acquir-
ing experimental data that may be relied on instead.

In the second part of his talk, Dr. Craven summa-
rized a collaborative regulatory science research project
between the Center for Devices and Radiological Health
(CDRH) at FDA, academia, and industry titled “A Mock
Submission to Initiate a Medical Device Clinical Trial
Using Modeling and Simulation” that aims to provide a
real-world, end-to-end example of using M&S in a regu-
latory submission to CDRH. Using a generic inferior vena
cava filter that the team designed for the research project,
they are using M&S as a primary source of evidence to
support the evaluation of two nonclinical bench tests that
are recommended for these devices: fatigue resistance and
clot trapping.”** In each case, they are performing M&S
to replicate the nonclinical bench test, acquiring experi-
mental measurements for validation, and demonstrating
M&S credibility through VVUQ analyses following the
ASME V&V 40-2018 standard.*! The credibility evidence
and the M&S results are being used in a mock regulatory
submission to FDA following the CDRH M&S reporting
Guidance.” A blind and independent regulatory review
team at CDRH is evaluating the submission and provid-
ing feedback. The overall goal of the project is to inform
the future revision of both ASME V&V 40-2018>! and the
CDRH M&S reporting Guidance.” In addition, the team
is distributing several CDRH regulatory science tools,* in-
cluding the mock submission documents that will serve as
a real-world, end-to-end example of using M&S in a med-
ical device regulatory submission.

Validation of computational predictions of
regional lung deposition

Dr. Bo Olsson (Emmace Consulting) talked about validation
of generation-level lung deposition models that use a semi-
empirical modeling approach. Validation of generation-
level models must be indirect because generation-level in
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vivo data are lacking. Hence, either in vivo data or in silico
predictions must be transformed for them to be compara-
ble. Two validation approaches were discussed. The first
of these approaches uses planar scintigraphy, which is the
most common type of in vivo data that quantifies regional
lung deposition. This technique provides images of radio-
activity in the lungs where central (C), intermediary (I),
and peripheral (P) regions of interest (ROIs) are defined.
However, because each region contains a mixture of airway
generations, the terms are slightly misleading. It also pro-
hibits a direct comparison of, for example, calculated depo-
sition in the first eight bifurcations (the tracheobronchial
airways) with activity measured in the C ROI. Obviously,
the planar image of C contains a significant number of acini.
Fortunately, Schroeter et al.*® published a translation map
derived from a two-dimensional (2D) projection of a three-
dimensional (3D) mathematical generation-level model of
the lung that maps the contribution of each airway genera-
tion to the different ROIs. Such a map makes it possible to
transform generation-level deposition to expected activity
in the ROIs. Essentially, this transformation of calculated
data makes it directly comparable with measured ROI activ-
ity but at the expense of downgrading generation-level dep-
osition to a blurred image. Olsson and Kassinos?’ used this
validation approach for the Mimetikos Preludium™ soft-
ware package (Emmace Consulting, Lund, Sweden) com-
paring ROI activity in 18 scintigraphic study legs involving
nine DPI brands with computed regional lung deposition
based on the accompanying in vitro data. The computed
oropharyngeal and total lung deposition correlated with
high significance (p <0.0001) to the scintigraphic results
with virtually no bias over a wide range. For the regional
lung distribution, computed C, P, and P/C results corre-
lated with high significance (p <0.01) to the corresponding
scintigraphic measures but with a bias toward underpre-
dicting C and overpredicting P/C, as shown in Figure 2.
During the presentation, it was concluded that mapping of
generational-level deposition to scintigraphic ROI is valid,
that the map developed by Schroeter et al.”® probably can be
improved based on new high-resolution tomographic data,
and that direct comparison of generational-level deposition
to scintigraphic ROI is an invalid approach.

The second validation technique discussed by Dr. Olsson
uses PK data such as plasma concentration-time curves
and associated metrics (maximum concentration [Cp,,],
area under the plasma concentration-time curve [AUC],
etc.) to indirectly validate regional deposition calculations
when different regions in the lung have different rates and/
or extents of absorption. To establish this relationship, a
mechanistic PBPK model is required together with high-
quality PK data. To explore the use of this technique, PK
data were obtained from three two-way crossover BE stud-
ies that were conducted under fasting conditions for three
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FIGURE 2 Unweighted linear regression of in silico on in vivo
results for the peripheral/central (P/C) ratio. O indicates healthy
volunteers, and X indicates asthmatics. Reproduced from Olsson
and Kassinos.”’

strengths of brand-name and generic versions of flutica-
sone propionate (FP) and salmeterol xinafoate inhalation
powder (i.e., Advair Diskus [GlaxoSmithKline, Durham,
NC, USA] and Wixela Inhub [Mylan Pharmaceuticals Inc.,
Canonsburg, PA, USA]).*® Concurrently, in vitro studies
that measured APSD and dissolution kinetics in the same
product batches were conducted, where it was observed
that the measured APSD values, which are directly related
to regional deposition values, were very similar for the three
strengths of the brand-name product, whereas the disso-
lution kinetics differed markedly with the low strength
having the fastest dissolution and the high strength having
the slowest.” This was accompanied with markedly differ-
ent plasma concentration peak shapes (C,,,/AUC), with
the low strength having the sharpest peak and the high
strength having the dullest.® Using Mimetikos Preludium,
Bickman and Olsson®’ simulated deposition, dissolution,
absorption, and systemic disposition of FP delivered from
the brand-name product based on this study. The results
from that study showed that simulated plasma curves
matched well with the observed data, as evidenced by the
ratios of simulated to observed values for AUC, C,,,, and
Cpax/ AUC for the three strengths, which ranged between
0.85 to 1.09. Based on a sensitivity analysis that demon-
strated a pronounced influence of regional distribution on
PK output, it was concluded during the presentation that
the deposition and dissolution models are valid.

Case study: Predicting regional lung
deposition of pharmaceutical aerosols
with CFD

Dr. Worth Longest (Virginia Commonwealth University)
discussed the use of CFD models to predict regional
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deposition following OIDP administration. CFD models
that consider drug delivery from OIDPs have advanced
to the point where they are capable of highly accurate
predictions of pharmaceutical aerosol deposition within
specific regions of the airways**>* and throughout the
lungs.**® For simulating pharmaceutical aerosol trans-
port and deposition throughout the airways, multiple
groups have proposed different simplification techniques
to address the myriad of individual bifurcations and struc-
tures in the lungs based on the premise that full resolu-
tion of aerosol deposition in every individual bifurcation
or structure is unnecessary.*****"* One such approach
developed at Virginia Commonwealth University is re-
ferred to as a complete-airway simulation using the sto-
chastic individual pathway (SIP) approach.**™** Using this
sampling methodology, a fully resolved patient-specific
or characteristic CFD model of the mouth-throat (MT)
and upper tracheobronchial (TB) region through ap-
proximately the third bifurcation (B3; lobar bronchi) is
first developed.** Beyond B3, individual 3D pathways are
generated into the five lung lobes through the terminal
bronchioles (~B15), and at each bifurcation, one branch
is continued and the other is not. Additional pathways are
stochastically sampled and simulated until the regional
deposition values fall within a predefined convergence
criterion, for example, 1% change in relative difference.
Advanced one-dimensional, complete-airway anatomi-
cal and ventilation models*™* can be used to define the
bifurcating geometrical pathway, which is then sampled
using the SIP approach and rendered as a 3D structure
for CFD simulation. These complete-airway models can
also be applied to define the heterogeneous ventilation
distribution map that occurs within the lungs for applica-
tion to the incomplete SIP pathway outlets. Transport and
deposition in the alveolar structure is simulated using a
space-filling, moving-wall acinar structure* or associated
correlations from this model. Several recent studies have
demonstrated good agreement between complete-airway
SIP model predictions of pharmaceutical aerosol deposi-
tion and 2D gamma scintigraphy data for multiple inhaler
types. 67

The use of the complete-airway SIP approach was de-
scribed by Dr. Longest, who summarized a previous study
that compared the regional pharmaceutical aerosol deposi-
tion of a commonly used MDI (FP inhalation metered aero-
sol, with the brand-name Flovent HFA [GlaxoSmithKline,
Durham, NC, USA]) and DPI (FP inhalation powder,
with the brand-name Flovent Diskus [GlaxoSmithKline,
Durham, NC, USA]), both delivering 250 pug of FP.** The in-
halers were connected to characteristic MT and upper TB
airways, and SIP models were passed into each lung lobe,
as illustrated in Figure 3a. Correct inhalation waveforms
based on patient use instructions were slow-and-deep (SD;

ASCPT

time-averaged mean flow of 37L/min) inhalation with the
MDI and quick-and-deep (QD; time-averaged mean flow
of 75L/min) inhalation with the DPI (Figure 3b). Incorrect
use of each inhaler was also simulated by assigning the QD
profile to the MDI and the SD profile to the DPI. Cascade
impaction experiments at different mean flow rates were
implemented to determine the associated polydisperse size
distribution (PSD) from each inhaler, which was imple-
mented as the initial size distribution at the aerosol injec-
tion position within each inhaler mouthpiece. Although
this approach is a significant simplification of MDI drop-
let breakup and evaporation and DPI aggregate breakup, it
significantly expedites the CFD calculations with accurate
final-state particle data and has shown good agreement
with in vitro*>*****4 and in vivo***’ data in many cases.
Further details on the complete-airway setup, CFD simula-
tions, and assumptions can be found in Longest et al.**

The impact of breathing profiles on deposition was dis-
cussed by Dr. Longest. Based on the complete-airway model
simulations (Figure 3d), MT deposition was not largely im-
pacted by correct versus incorrect inhalation; however, DPI
aerosol loss was approximately twofold higher than with
the MDI. Within the lung for correct inhalation, the DPI
was observed to deliver more drug to the intermediate (B4—
B7) and lower (B8-B15) regions. However, this trend re-
versed when incorrect inhalation was employed (Figure 3d
and Table 1). Furthermore, the DPI appeared significantly
more sensitive to correct versus incorrect use. These com-
parisons illustrate how regional deposition modeling can
be employed to compare different inhalation profiles and
enable a better understanding of the association between
regional drug delivery and disease response.**>

The presentation was concluded with a discussion on the
potential use of CFD modeling for BE assessments of OIDPs.
Comparisons can be made between a reference listed drug
(RLD) and potential generic drug products using CFD mod-
eling to understand differences in regional deposition on a
quantitative basis. For example, Table 1 provides an illustra-
tion of relative differences between MDI and DPI drug de-
livery within each of the sample regions. As expected, these
relative differences are high (40%-75%) due to the inherent
differences between the two platforms. Dr. Longest sug-
gested that a similar approach could be used in the compari-
son of an RLD product and a generic product with a relative
difference threshold of, for example, 10%. According to Dr.
Longest, the exact threshold for different inhalation prod-
ucts would depend on the specific PK, PD, and safety pro-
files and may occur over a range of, for example, 5% to 20%
when tested in a single characteristic adult airway model.
These results can serve as a starting point for subsequent
dissolution, absorption, and clearance modelingsl54 or as
an input for a whole-body PBPK model.” Alternatively,
regional deposition can potentially serve as a stand-alone
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comparison between an RLD product and potential generic
product that is evaluated in parallel with separate methods
to evaluate dissolution and epithelial cell absorption.

Modeling to support regulatory
needs of OIDPs

Dr. Raja Mohamed (Sandoz) provided his viewpoint on
how modeling may be used to support approval of ge-
neric OIDPs in the United States. A weight-of-evidence
approach has been used by the FDA to evaluate the BE of
potential generic OIDPs, which includes recommenda-
tions for formulation and device sameness and compara-
tive in vitro and PK equivalence as well as comparative
PD or CCEP studies.’®’ This weight-of-evidence ap-
proach is recommended by the FDA because, unlike
drug administration from solid oral dosage forms, in
vivo PK data measured following OIDP administration
capture processes that are downstream of the site of ac-
tion, and thus an approach that relies only on PK data

FIGURE 3
computational fluid dynamics-based
complete-airway stochastic individual
pathway model for comparison of regional
MDI and DPI drug delivery including

(a) computational models of the inhaler
flow pathways and conducting airways,
(b) prescribed SD and QD inhalation
profiles, (c) experimentally measured
particle size distributions at different
tested flow rates, and (d) deposition
fractions in specific airway regions as

a percentage of aerosolized drug. DPI,

Elements of a
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aerodynamic diameter; MT, mouth-
throat; Q, flow rate; QD, quick and deep;
SD, slow and deep; TB, tracheobronchial.
Reprinted by permission from Springer
Nature: Springer Nature, Pharmaceutical
Research, Comparing MDI and DPI
aerosol deposition using in vitro

10 16

Midpoirt Diameter (um)

experiments and a new stochastic
individual path (SIP) model of the
conducting airways Longest et al.*®

is not considered by the FDA to be sufficient.’® Thus, it
was concluded during the presentation that the complex-
ity of drug delivery to the site of action following OIDP
administration, as illustrated by Hatipoglu et al.”® and
shown in Figure 4, is the primary reason for the selection
of a weight-of-evidence approach by the FDA. However,
the weight-of-evidence approach poses many challenges
for generic product developers, where large sample sizes
may be needed for recommended PD/CCEP BE studies
due to expected high variability of the related clinical
endpoints and potentially reduced sensitivity to formu-
lation differences, which may require additional time
and cost.””® Considering these factors, in recent years
the FDA has included language describing alternative
BE approaches in lieu of recommended CCEP BE stud-
ies in several PSGs, including the possible use of PBPK
and CFD modeling to support determination of BE for
beclomethasone propionate inhalation metered aero-
sol'”** and a morphology-directed Raman spectroscopy
approach for mometasone furoate nasal spray and fluti-
casone furoate nasal spray.®"**
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Following discussion of the weight-of-evidence ap-
proach, Dr. Mohamed described how modeling may be
used as a tool to understand the performance of OIDPs,
including the potential impacts from device and formu-
lation differences, as well as the effects of intersubject

TABLE 1 Deposition fractions as a percentage of aerosolized
dose with correct inhalation (MDI with SD and DPI with QD).

Relative
difference
Region MDI DPI (%)?*
MT® 40.0 69.8 54
Trachea-B3 5.7 2.6 75
B4-B7 1.5 1.0 40
B8-B15 0.9 0.6 40
Total TB 8.1 4.2 63
Alveolar 51.9 26.1 66

Abbreviations: DPI, dry powder inhaler; MDI, metered dose inhaler;
MT, mouth-throat; QD, quick and deep; SD, slow and deep; TB,
tracheobronchial.

*Relative difference is the absolute value of the difference divided by the
average, multiplied by 100%.

®Includes deposition from the MDI inhaler.
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variability. To be successful, it was proposed that in sil-
ico models should focus on linking in vitro data such
as those collected from APSD and dissolution studies,
among others, with in vivo PK and PD data. Models
may be developed using systemic disposition and elim-
ination properties obtained from experimental data
available in the literature, along with data collected
with relevant in vitro studies that may include solubil-
ity, dissolution, APSD, and characterization of powder
emission, among others. The overall modeling strategy
may be based on separate processes such as deposition
and PK or integrated such that all relevant processes
are linked, where an integrated model may be capable
of simultaneously predicting local and systemic drug
concentration values. Model validation is essential for
demonstrating the value of the model in the context
of any proposed alternative BE approach, where vali-
dation may be strengthened by using both registration
and manufacturing scale batches to produce compar-
ator data. The presentation was concluded with a few
examples of how semi-empirical and CFD regional
deposition models, PBPK modeling, and dissolution
modeling have been used to support the development
of potential generic OIDPs.

Pulmonary PK
Macrophage
clearance
1. Dissolution
2. Absorption
Lung Tissue
Alveolar
Space
A 4
e
Absorption Clearance
Systemic PK

Pulmonary
Circulation

FIGURE 4 Dosing, pulmonary PK, and systemic PK following orally inhaled drug product administration. GI, gastrointestinal;

PK, pharmacokinetics. Reprinted from International Journal of Pharmaceutics, 549, Hatipoglu MK, Hickey AJ, Garcia-Contreras L,

Pharmacokinetics and pharmacodynamics of high doses of inhaled dry powder drugs, 306-316, Copyright 2018, with permission from

Elsevier.*®
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ANDA and Pre-ANDA experience with
OIDP modeling

Dr. Ross Walenga (FDA) described abbreviated new drug
application (ANDA) and pre-ANDA interactions with the
FDA that have included modeling approaches to support
the determination of BE for OIDPs. Various firms have
included semi-empirical and CFD regional deposition,
PBPK, and population PK models in pre-ANDA meet-
ing request packages and ANDA submissions for OIDPs.
Although an end-to-end approach, including simulation
of inhaled aerosols from the device to the point of depo-
sition and subsequent absorption, would be beneficial
for supporting pre-ANDA and ANDA submissions that
propose alternative BE approaches, these models usually
simulate only one part of the drug delivery process and
are intended to work together with other in vitro and/or
in vivo studies to consider the whole process. Typically,
these models aim to show that local drug delivery to the
site of action in the lungs is equivalent via either direct
comparison of regional deposition predictions or by es-
tablishing a connection between PK metrics and regional
deposition. For instances when the goal is to show that
PK metrics and regional deposition are related, the model
may then be used to compare PK metrics with acceptance
criteria carefully selected to ensure BE at the site of action.

Several common areas for improvement were identi-
fied in the presentation, and potential solutions to these
issues were offered by Dr. Walenga. Models are often
submitted to the FDA with inadequate demonstration of
model credibility, where verification and validation ac-
tivities may be absent or insufficient, and validation may
only be performed for one drug product and thus may not
fully demonstrate the capacity of the model to consider
formulation differences. For models that predict regional
deposition, it was clarified that comparator data from ei-
ther gamma scintigraphy or single photon emission com-
puted tomography (SPECT)/computed tomography (CT)
in vivo studies are preferred and that the mismatch of
2D in vivo data with 3D predictions may be addressed by
using a mapping procedure such as the one described in
Schroeter et al.*® Another common issue is that regional
deposition models may not justify the location of the divi-
sion between the C and P lung regions, where justification
based on literature data>®® should be used to support the
division of lung regions. Some regional deposition models
have been proposed for products such as solution-based
MDIs or DPIs, but they did not include model components
to account for relevant physical processes such as evapo-
ration or agglomeration and deagglomeration. To demon-
strate how this may be accomplished, two CFD case
studies that included model components to account for
evaporation in a solution-based MDI** and agglomeration

and deagglomeration in a DPI®® were presented. Although
evaporation may not be a crucial physical process to model
for suspension-based MDIs due to the rapid evaporation
of the propellant that is expected to occur prior to exit
from the device, agglomeration and deagglomeration may
be important processes to consider. Physically, processes
such as evaporation and hygroscopic growth may also be
potentially considered in semi-empirical deposition mod-
els, as suggested by Youn et al.®® Several PBPK models
provided by industry have attempted to use systemic PK
predictions to infer BE at the site of action without provid-
ing sufficient evidence to establish this link. Alternatively,
it was proposed during the presentation that PBPK may
instead be used to understand the impact of dissolution
and permeation following drug deposition to better un-
derstand if regional deposition predictions may be used
alone to evaluate BE at the site of action or if dissolution
and/or permeation may be sufficiently slow to create sig-
nificant differences between regional deposition and re-
gional absorption. Other issues that were identified were
contradicting predictions from regional deposition models
developed in parallel, insufficiently developed statistical
analysis methods, a lack of connection between in vitro
data generated by the firm and model input parameters,
and a lack of details for the simulation methods. The pre-
sentation concluded with an affirmation that modeling
may be useful for supporting an alternative BE approach
for OIDPs and that the potential issues and remedies
that were identified should be considered to improve the
chances of success.

Use of mechanistic modeling to

determine the sensitivity of in vitro critical
quality attributes (CQAs) to regional lung
deposition and predict PK for OIDPs

Dr. Clare Butler (Teva) presented two case studies that de-
scribed the use of Mimetikos Preludium to predict deposi-
tion and PK following administration of a DPI. Mimetikos
Preludium is a semimechanistic modeling platform for
OIDPs that uses a semi-empirical approach to predict
deposition and ordinary differential equations to describe
the absorption and elimination processes of inhaled com-
pounds.®” The software package simulates the absorption
of drug deposited in the lung according to specifications
of regional deposition, lung and systemic properties, com-
pound and formulation properties, and dosing. Mimetikos
Preludium calculates the fraction of drug deposited within
specific regions of the lung using regressed cascade im-
pactor data and infers the relative contribution of each
lung region (extrathoracic, tracheobronchial, bronchiolar,
and alveolar-interstitial) to systemic absorption. Changes
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in particle size distribution and/or dissolution properties
of an inhaled drug can be reflected by altered simulated
PK profiles in Mimetikos Preludium.®’

As described in the presentation, a Mimetikos
Preludium model was previously generated and validated
for tiotropium bromide inhalation powder. The systemic
distribution and elimination of tiotropium was simulated
in Mimetikos Preludium using compartmental parameters
calculated from a PK study of intravenously administered
tiotropium.®® Then, a PK study was conducted using two
different dry powder formulations with equivalent 18 pg
of tiotropium base per inhalation (i.e., Eq 0.018 mg Base/
inh) that were labeled as Lot A and Lot B. An APSD study
was conducted, determining similar fine-particle doses
for each formulation, where the results were 3.39 pg and
3.37pg for Lot A and Lot B, respectively. In vivo PK data
showed negligible differences in the resulting C,,,,, time
t0 Cppax and AUC from 0 to 72h (AUC,,_,,y,) values for both
formulations. Mimetikos Preludium PK simulations were
then conducted to provide predictions, and Table 2 shows
the observed and simulated PK results. It was concluded
by Dr. Butler that the PK data simulated by Mimetikos
Preludium agree well with the observed data based on the
comparison of natural logarithms of PK metrics from the
observed data and simulated values. The PK profile for a
hypothetical formulation with a strength of Eq 0.018 mg
Base/inh with a significantly higher fine-particle dose of
4.45 g, which was labeled as Lot C, was subsequently sim-
ulated using the validated model, and the results are also
provided in Table 2. Compared with Lot A and Lot B, the
resulting simulated PK profile for Lot C yielded an approx-
imate 36% and 27% increase in C,,,, and AUC,_,,;,, which
highlights the potentially significant effects of particle
size differences on PK. Regional lung deposition predic-
tions for Lot C, as shown in Table 3, were also significantly

TABLE 2 PK metrics as calculated using observed in vivo PK
data and simulated PK, following administration of three lots of a
potential generic version of tiotropium bromide inhalation powder
with a strength of Eq 0.018 mg Base/inh, where Lots A, B, and C
have measured fine-particle doses of 3.39 ug, 3.37 ug, and 4.45 g,

respectively.
Crnax tnax AUC,_,n
(pg/ml) (h) (pg-h/ml)
Observed, Lot A 22.41 0.1 99.84
Simulated, Lot A 27.35 0.1 102.22
Observed, Lot B 21.71 0.1 100.47
Simulated, Lot B 28.26 0.1 101.77
Simulated, Lot C 37.81 0.1 129.72

Abbreviations: AUC,_,,,, area under the plasma concentration-time curve
from 0 to 72 h; C,,,, maximum concentration; PK, pharmacokinetics; .,
time to maximum concentration.
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different than predictions based on Lot A and Lot B, with
an approximate 15% increase in deposition observed in
the alveolar-interstitial region. Taken together, these re-
sults support the use of mechanistic modeling to produce
accurate PK predictions for OIDPs, determine the effects
of differing in vitro particle size distributions on PK out-
comes, and demonstrate that the PK outcome is sensitive
to changes in regional deposition.

PANEL DISCUSSION

The session was concluded by a panel discussion that
was moderated by Dr. Andrzej Przekwas (CFD Research
Corporation) and Dr. Robert Lionberger (FDA). The panel
included the seven presenters introduced previously in
this article as well as Dr. Giinther Hochhaus (University
of Florida), Dr. Bing Li (FDA), Dr. Markham Luke (FDA),
and Dr. Liang Zhao (FDA). Dr. Przekwas began the con-
versation by noting the significant progress that has been
made for regional deposition and PBPK models while
noting that there is still a need to link modeling of drug
dissolution, clearance, and absorption processes in the
airway barrier. Following up on the comment from Dr.
Przekwas on advancements for semi-empirical models,
Dr. Olsson described the addition of a GI tract compart-
ment to Mimetikos Preludium and the potential addition
of a PBPK model of the GI tract. It was asked if a device
compartment may be added to Mimetikos Preludium,
but the response was that users are currently encour-
aged to use in vitro realistic MT APSD data for model
inputs from the device and MT rather than to design a
new compartment for that purpose. Regarding the rela-
tive difficulty of using CFD, Dr. Longest indicated that
the state of the art is such that specialists with advanced
training are needed to conduct these types of simulations.
It was also emphasized that CFD should be paired with
in vitro data such as APSD, emitted dose, and spray ve-
locity to be used as model inputs. Regarding the limita-
tions of CFD, access to commercial software packages
was named as a potential barrier due to challenges with
integrating custom models and with cost, where the use
of open-source software packages such as OpenFOAM
are attractive options to overcome these problems. With
respect to computational limitations, the burden appears
to be less than in the past, where a workstation that costs
$30,000-$40,000 may be sufficient. The future of CFD
modeling in this area may include integration with dis-
solution and absorption. Dr. Walenga commented on the
use of regional deposition models for regulatory purposes
using either semi-empirical or CFD methods, where the
utility of such models may be dictated by characteristics of
the compound. If the compound is quickly dissolving and
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TABLE 3 Regional deposition predictions for administration of three lots of a potential generic version of tiotropium bromide inhalation
powder with a strength of Eq 0.018 mg Base/inh, where Lots A, B, and C have measured fine-particle doses of 3.39 pg, 3.37 pg, and 4.45 g,

respectively.
Extrathoracic Tracheobronchial
Lot A 53.54 10.33
Lot B 56.86 12.00
Lot C 41.32 10.54

Bronchiolar Alveolar-Interstitial
5.47 30.58
5.75 25.29
6.25 41.40

absorbing, regional deposition predictions may be enough
to support BE, but if either process is rate-limiting, then
there may be more weight on the results of related in vitro
studies such as dissolution. The use of PBPX to better un-
derstand the relationship between regional deposition and
regional absorption in this scenario may be appropriate,
where model parameterization may be supported by in
vitro measurements of drug permeability and dissolution.

Model credibility and its use for OIDP modeling was dis-
cussed. Dr. Craven addressed a question from Dr. Przekwas
regarding the potential need for uncertainty quantifica-
tion with experimental data in much the same way that
he had described for modeling. Dr. Craven responded by
agreeing that certainly experimentalists should be quanti-
fying uncertainty, although he noted that there are some
differences compared with modeling. In most experiments,
the influence of any variability is inherently accounted for
by performing repeat tests and by using multiple test sam-
ples. Deterministic computational models, however, do not
account for this variability if they simply use nominal ge-
ometry and test conditions. If such variability is important,
computational modeling can use uncertainty quantifica-
tion methods to propagate various sources of uncertainty
through the model to quantify their influence on the re-
sults. Considering a question concerning the potential for
a mock submission of an OIDP model such as the mock
submission for medical devices that was described earlier
in the session, Dr. Luke commented that there are signifi-
cant differences between medical devices and OIDPs, such
as existing standards for medical devices and the additional
complexity of OIDPs, that may make such a mock submis-
sion for an OIDP model challenging, although he indicated
that such an exercise may still have some educational value.

Concerning the PBPK modeling described as part of Dr.
Mohamed's presentation, he elaborated that it is useful to
conduct in vivo PK studies that are designed to support PBPK
model development and validation and that with the model
it may be possible to extrapolate to a larger study size. With
respect to the use of CFD to support an ANDA submission,
it was posited that CFD modeling may be useful in scenarios
where experimental data are not available to provide missing
information where needed. Dr. Butler commented on PBPK
modeling for highly soluble and poorly soluble drugs, that

to obtain a favorable validation there is a need for accurate
and reliable in vitro data to be used for model inputs such as
APSD data. Dr. Olsson added that for a poorly soluble drug
such as FP, the modeling study he described® was supported
by in vitro®® and in vivo®® data collected from the same batch
of the same product, all with the same age, with the implica-
tion that doing so may improve model validation.

The relative value of different dissolution tests to pro-
vide input PBPK data was discussed by Dr. Olsson, who
indicated his preference for US Pharmacopeia Apparatus
2 (i.e., paddle) dissolution testing using aerosols that have
been sampled from an impactor, where the aerosol sam-
pling method is important. There may be value to disso-
lution testing with a membrane-based method for poorly
soluble compounds, but for drugs with high solubility, this
type of test may measure diffusion rather than dissolution.
Dr. Hochhaus asked about the ideal dissolution media and
whether water solubility or solubility in biorelevant media
may be best for defining a PBPK parameter. Dr. Olsson re-
plied that some type of solubility enhancer is needed for
dissolution testing and that the parameterization of the
output is important, where the apparent volume median
diameter and apparent PSD are useful characterizations of
the initial surface area available for dissolution and over
time, which are useful for both in vitro and in vivo con-
ditions. With respect to solubility inputs for Mimetikos
Preludium, solubility in phosphate-buffered saline is used
along with another parameter that describes the free frac-
tion in the epithelial lining fluid that can act as a reservoir
for biphasic systems. Dr. Li expressed that for BE of OIDPs
the role of dissolution testing is unclear because for many
products dissolution is rapid and asked the panel what
challenges must be overcome to use dissolution to estab-
lish BE or if there is a role for dissolution to be purely used
to support modeling. Dr. Luke answered that, as discussed
by Dr. Butler, the role of dissolution would likely be prod-
uct specific. Dr. Hochhaus referred to recently published
work® where dissolution testing of three different formu-
lations was valuable for understanding the difference in
the behavior of these formulations, even though the dis-
solution results may not be useful for PBPK model inputs.
Dr. Newman expressed that when a dissolution study is
designed, it may be optimized to show product differences
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or it may be constructed to provide biorelevant results to
be used for model inputs, and that the degree of solubility
may determine the relative weight of a stand-alone disso-
lution study within an alternative BE approach for OIDPs.

Dr. Przekwas asked the panel if there are any efforts
funded by the FDA to further develop in vivo methods for
measuring regional deposition, such as gamma scintigraphy,
to improve resolution of these data to be used for regional
deposition model validation. In response, Dr. Walenga sug-
gested that SPECT/CT data may be useful due to the abil-
ity of the technique to record 3D information and also that
the mapping procedure discussed earlier in the session and
outlined by Schroeter et al.”® may be used to provide direct
comparisons between modeling predictions and 2D data col-
lected using gamma scintigraphy. Dr. Przekwas emphasized
the need for new data collected using improved techniques,
and Dr. Luke added that it is important to collect data for
new products on the market, such as the products with
novel inhalation device design or delivery mechanisms.

A final topic for discussion was introduced by Dr. Butler,
who asked about the future of FDA recommendations for in
silico models and at what point in time will PSGs include spe-
cific information for how to use these models for regulatory
submissions. Dr. Walenga replied that pre-ANDA meetings
and ANDA submissions as well as research in this area has
proved to be instructive and that the understanding at FDA
for how to best use these models is still evolving. Dr. Li added
that a recommendation to use M&S is currently present in
the PSGs for beclomethasone dipropionate solution-based
MDI products'”*® and that M&S was also used recently to
support approval of an OIDP where there was in issue with
imputed data in the submitted bronchoprovocation PD BE
study. Also, Dr. Newman explained that recommendations
for M&S are also present in PSGs for ipratropium bromide'®
and ciclesonide® solution-based MDI products. It was clar-
ified that Dr. Butler was interested in knowing when PSGs
that include M&S recommendations for suspension-based
MDIs and DPIs may be available, and Dr. Newman replied
that for those more complex products it may take more time,
but that there are efforts in place to develop understanding
for those. Dr. Przekwas then asked about how determination
of BE may differ for different drug types such as corticoste-
roids, long-acting f3, adrenergic agonists, and short-acting 3,
adrenergic agonists that may all target different lung regions.
Dr. Newman replied that BE recommendations for alterna-
tive BE approaches until now have focused on techniques
that ensure equivalent delivery to the site of action and
have not considered the mechanism of action of the drug,
although differences in drug type would manifest in parame-
ter selection for PBPK models. Dr. Zhao commented that the
overall momentum toward developing recommendations for
alternative BE approaches for OIDPs that include in silico
is positive and that the next steps include the establishment
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of best practices for relevant models and that advances in-
tended for generic drug development and approval may be
useful for new drug development as well. In response to the
question from Dr. Przekwas on how BE recommendations
may differ for different drug types, Dr. Luke clarified that
for fixed-combination drug products as defined by 21 Code
of Federal Regulations (CFR) 300.50”! with more than one
active ingredient, the expectation for each active ingredient
would be clarified in individual PSGs. Dr. Lionberger con-
cluded the panel discussion by providing support for the en-
hancements to OIDP modeling capabilities in recent years
and indicated that the next step will be to integrate these new
modeling strategies into internal FDA processes and into
product development processes within industry.

CONCLUSIONS

Increased generic competition is needed for OIDPs to re-
duce associated costs to the patient and issues with patient
compliance’* for these valuable medicines.! In silico
modeling has been proposed along with other in vivo
and in vitro techniques as a means of supporting generic
OIDP development and approval by potentially decreas-
ing the need for large clinical studies and thereby helping
to reduce development timelines and costs for members
of industry. The purpose of this workshop session was to
bring various stakeholders together to present the status
of modeling for OIDPs and to discuss how to best establish
model credibility. The promise of these modeling tech-
niques was evident in several of the presentations in this
session, which provided case studies for semi-empirical
and CFD regional deposition as well as PBPK models
that all showed good agreement with in vivo data. A va-
riety of current and future challenges were identified for
these models with respect to their potential for support-
ing alternative BE approaches for OIDPs. One recurring
theme was the need for quality in vitro and in vivo data
to support model validation and parameterization, and
it was emphasized that these data are in general prefer-
ably collected in parallel with model development rather
than obtained retrospectively from other studies because
data collected in parallel are more likely to accurately rep-
resent the simulated case. Especially, there is a need for
new in vivo regional deposition data that can precisely
capture regional differences considering the current lack
of recent data from literature. Although there were sev-
eral examples of model validation given in the presenta-
tions, there is a need to better understand how to apply
a framework such as ASME V&V 40-2018 to assess the
credibility of OIDP models intended to support approval
of OIDPs. Altogether, there was a consensus that the next
step for modeling to support development and approval of
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OIDPs will be to better understand how to best integrate
these models into decision-making processes across a va-
riety of OIDPs that differ in device principles and active
ingredients.
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