Received: 24 September 2020

Revised: 8 December 2020

Accepted: 29 December 2020

DOI: 10.1002/psp4. 12600

REVIEW

Physiologically-based pharmacokinetic modeling to support
bioequivalence and approval of generic products: A case for
diclofenac sodium topical gel, 1%

Eleftheria Tsakalozou | Andrew Babiskin | Liang Zhao

Division of Quantitative Methods

and Modeling (DQMM), Office of
Research and Standards (ORS), Office of
Generic Drugs (OGD), Center for Drug
Evaluation and Research (CDER), US
Food and Drug Administration (FDA),
Silver Spring, Maryland, USA

Correspondence

Liang Zhao, 10903 New Hampshire
Avenue, Silver Spring, MD 20993, USA.
Email: Liang.Zhao@fda.hhs.gov

INTRODUCTION

Locally acting drug products deliver the active ingredient ac-
tive ingredient at or near the site of action. These products
include, for example, orally inhaled, nasal, ophthalmic, and

Abstract

Establishing bioequivalence (BE) for dermatological drug products by conducting
comparative clinical end point studies can be costly and the studies may not be suf-
ficiently sensitive to detect certain formulation differences. Quantitative methods
and modeling, such as physiologically-based pharmacokinetic (PBPK) modeling,
can support alternative BE approaches with reduced or no human testing. To en-
able PBPK modeling for regulatory decision making, models should be sufficiently
verified and validated (V&V) for the intended purpose. This report illustrates the US
Food and Drug Administration (FDA) approval of a generic diclofenac sodium topi-
cal gel that was based on a totality of evidence, including qualitative and quantitative
sameness and physical and structural similarity to the reference product, an in vivo
BE study with PK end points, and, more importantly, for the purposes of this report,
a virtual BE assessment leveraging dermal PBPK modeling and simulation instead of
a comparative clinical end point study in patients. The modeling approach character-
ized the relationship between systemic (plasma) and local (skin and synovial fluid)
diclofenac exposure and demonstrated BE between the generic and reference prod-
ucts at the presumed site of action. Based on the fit-for-purpose modeling principle,
the V&V process involved assessing observed data of diclofenac concentrations in
skin tissues and plasma, and the overall performance of the modeling platform for
relevant products. Using this case as an example, this report provides current scien-
tific considerations on good practices for model V&V and the establishment of BE
for dermatological drug products when leveraging PBPK modeling and simulation for

regulatory decision making.

dermatological drug products and oral products that act lo-
cally in the gastrointestinal tract." To demonstrate bioequiv-
alence (BE) between a brand name product (reference) and
its generic (test), there must be an “absence of significant
difference in the rate and extent to which the active ingredient
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or active moiety in pharmaceutical equivalents or pharma-
ceutical alternatives becomes available at the site of drug ac-
tion when administered at the same molar dose under similar
conditions in an appropriately designed study.”2 However,
“for a drug that is not intended to be absorbed into the blood-
stream,” the Agency may consider establishing “alternative,
scientifically valid methods to show bioequivalence if the
alternative methods are expected to detect a significant dif-
ference between the drug and the listed drug in safety and
therapeutic effect.”

The Agency makes recommendations for BE studies
based on the current scientific understanding of a particular
drug product captured in product-specific guidances (PSGs)
that are publicly available and updated at regular intervals.*
For locally acting drug products applied on the skin as semi-
solid dosage forms, BE approaches include drug product
characterization studies on the product microstructure, va-
soconstrictor studies, BE studies with pharmacokinetic (PK)
end points, and comparative clinical end point BE studies.'>
Comparative clinical end point BE studies specifically can be
costly, time-consuming, and less sensitive at detecting for-
mulation differences between a test and a reference product
due to the absence of established dose-response relationship
and modest efficacy for the active pharmaceutical ingredient
(API) that exerts its pharmacological activity following skin
application.' 6.7

Physiologically-based pharmacokinetic (PBPK) modeling
and simulation is a methodology that describes the PKs of the
active ingredient in the body in a quantitative and mecha-
nistic manner. It has been widely used to inform the devel-
opment of and regulatory decision making for new drugs,
including dose selection (first-in-human) and optimization,
interspecies extrapolations, dose adjustments in specific
populations (pregnancy, pediatrics, and organ impairment),
and assessment of drug-drug interactions.* ! For generic
drug products, mechanistic PBPK models can guide the es-
tablishment of clinically relevant product quality attributes,
support the development of PSGs, and provide a risk assess-
ment following formulation changes, etc.'>> PBPK models
with enhanced population simulation capabilities can be used
to support virtual BE (VBE) assessments.'° Previously,
mechanistic dermal PBPK models have been used to de-
scribe the permeation through the skin for environmental
and other chemicals and perform risk-based assessments.> ">
For locally acting drug products, including those applied on
the skin, although administered at or close to the site of ac-
tion, quantification of active ingredient amounts at the site
of action for BE assessments is often not feasible. Therefore,
for these products, PBPK models can be leveraged to pre-
dict local drug exposure by integrating knowledge on the
characterization of a drug product, the physiology or patho-
physiology at or near the site of action, and the population
information of healthy volunteers or patients receiving the

drug product and to establish a link with systemic exposure if
measurable. 20212324

This report summarizes the approval of an Abbreviated
New Drug Application (ANDA) for a generic diclofenac so-
dium topical gel, 1% (referencing Voltaren topical gel, 1%),
where for the first time a VBE assessment leveraging der-
mal PBPK modeling and simulation supported by a totality
of evidence approach resulted in approval of the ANDA and

discusses the lessons learned from this submission.

DERMAL PBPK MODELING AND
SIMULATION TO SUPPORT BE
ASSESSMENT AND APPROVAL
OF ABBREVIATED NEW DRUG
APPLICATION

Regulatory background

Voltaren (diclofenac sodium) topical gel, 1% (New Drug
Application [NDA] 022122, reference product) was ap-
proved by the US Food and Drug Administration (FDA) for
the relief of the pain of osteoarthritis of joints amenable to
topical treatment, such as the knees and hands.>>*® Since
then, the Agency has approved 6 generic products that are
considered therapeutically equivalent to Voltaren topical
gel, 1%.*” The current PSG for diclofenac sodium topical
gel, 1%, recommends 2 studies for establishing BE between
the test and the reference products (i.e., an in vivo BE study
with PK end points in healthy volunteers and an in vivo com-
parative clinical end point BE study in men and women with
osteoarthritis of the knec:).28 These recommendations reflect
the Agency’s current thinking under the consideration that
diclofenac may reach the site of action following topical ap-
plication directly as well as by redistribution from the sys-
temic circulation.*’

The FDA approved a generic diclofenac sodium topical
gel, 1%, under ANDA 211253 on May 16, 2019, during its
firstreview cycle. This was the first ANDA approval for which
a PBPK model supported the BE assessment.'® The appli-
cant utilized the pre-ANDA program to obtain the Agency’s
feedback on a proposed alternative to the BE approach rec-
ommended in the PSG, which they incorporated in its final
submission.*” The Agency provided additional feedback on
the applicant’s modeling approach through a discipline re-
view letter and during the mid-review cycle meeting.*

Compared with the reference product, the applicant’s
product contained no difference in inactive ingredients or
other aspects of the formulation that may have the potential
to significantly alter the local or systemic availability of the
active ingredient, was physically and structurally similar, and
had an equivalent rate of diclofenac release compared with
the reference product evaluated using a validated in vitro
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release test (IVRT)—elements not part of the current PSG.
The applicant conducted the PSG-recommended in vivo
BE study with PK end points but did not perform the PSG-
recommended comparative clinical end point study. Instead,
the applicant developed a dermal PBPK model for a VBE
assessment based on drug exposure at the presumed site of
action between the reference and the test products.

Methodology for dermal PBPK model
development for diclofenac sodium topical gel,
1%

The multi-phase multi-layer (MPML) MechDermA model
implemented within the Simcyp Simulator (version 17;
Certara, Princeton, NJ, USA) was utilized for the quantitative
description of diclofenac absorption through the skin. Briefly,
the structure of the MPML MechDermA model is modified
from the physiologically relevant compartmental model in-
troduced by Shatkin and Brown.*'* In addition to the stratum
corneum (SC) and viable epidermis compartments described
in the original publication, the modified model also includes
dermis, subcutis, and deeper tissue (muscle) compartments to
describe API absorption. The SC is the outer layer of the skin
that is composed of multiple layers of corneocytes surrounded
by a lipid layer. It serves as the primary barrier between the
body and the environment. The heterogeneity of the SC has
been captured in the platform. Longitudinal solute diffusion
within and between the different skin layers is modeled after
Fick’s Law based on the physicochemical properties of the
APIL. Quantitative Structure-Activity Relationship (QSAR)
models are used to inform model parameters based on API
properties, such as lipophilicity, ionization state, solubility,
and molecular weight, among others. Other physiological
processes and anatomic structures, such as protein binding,
SC hydration state, absorption via skin appendages (i.e., hair
follicles), and impact of skin surface pH on absorption, are ac-
counted for in the MPML MechDermA model. Formulation
attributes accounted for in the model include formulation
pH, API solubility, viscosity, vehicle drying rate (evapora-
tion), particle and droplet size (distribution) in the case of
multiphase formulations, and drug release rate for transder-
mal delivery systems (TDS). Finally, intersubject variability
is modeled by introducing variability on physiological pa-
rameters, such as skin layer thickness across genders, races,
and age groups, and intrasubject variability is considered for
model simulations by predicting the percutaneous kinetics of
an active ingredient at different application areas (arms, legs,
head, and back).

The applicant measured certain formulation parameters
of the reference product formulation (Voltaren topical gel,
1%) and the test formulation, such as formulation pH, vis-
cosity, and droplet size. Sensitivity analysis conducted by
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the applicant on all formulation attributes identified the for-
mulation pH, viscosity, and droplet size as influential; these
attributes were experimentally determined by the applicant.
When additional formulation attributes were required for
model building but were not available in the literature or de-
termined experimentally by the applicant, the values for these
model parameters were either calculated or the default values
were used with no further justification.

Following application of the reference product, quantifi-
able amounts of diclofenac are present in the systemic circu-
lation.* To describe the systemic disposition of diclofenac
following the dermal application of the diclofenac sodium
topical gel, 1%, the dermal PBPK model developed for the di-
clofenac sodium topical gel, 1%, was coupled with a minimal
PBPK model. Publicly available information on the physico-
chemical properties and the PK characteristics of diclofenac
were considered for the model development.** The perfor-
mance of the systemic disposition model was evaluated using
clinical PK data (systemic exposure) of diclofenac following
intravenous and oral administration prior to being coupled
with the MPML MechDermA model.

In addition to the model structure described above, con-
sidering that synovial fluid is the presumed site of action of
the product,29 the thickness of the muscle compartment was
modified by the applicant to result in an approximate syno-
vial fluid (tissue) volume as reported in the literature.

Table 1 provides a general list of key information and
data sources considered for the development and validation
of the PBPK model for diclofenac sodium topical gel, 1%,
developed in the MPML MechDermA model in the Simcyp
Simulator, version 17. Information required for the develop-
ment and validation of the model components describing the
systemic disposition (systemic disposition model) and the
permeation through the skin (skin permeation) of the active
ingredient is indicated.

Methodology on verification and validation of
dermal PBPK model for diclofenac sodium
topical gel, 1%

The applicant implemented an innovative two-level approach
toward verifying and validating the fit-for-purpose dermal
PBPK model developed for diclofenac sodium topical gel,
1%. Briefly, the first level validation focused on assessing
the performance of the developed models for topical prod-
ucts with diclofenac sodium as the API. The dermal PBPK
model for diclofenac sodium topical gel, 1%, incorporated
drug-product specific formulation attributes generated by
the applicant as part of its product characterization program
and was validated leveraging clinical PK data supporting the
ANDA submission. The second level V&V aimed at assess-
ing the performance of the platform that was used (i.e., the
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TABLE 1 Datasources and key information considered for the development and validation of the PBPK model for diclofenac sodium topical
gel, 1%, developed in MPML MechDermA within the Simcyp Simulator, version 17

Model development Model validation
Systemic Skin Systemic Skin
Data source disposition  permeation disposition permeation
Drug substance
Physicochemical properties (MW, lipophilicity, ionization status, etc.) X X
ADME properties (protein binding, blood to plasma ratio, tissue distribution, X
and elimination)
Skin ADME properties (protein binding, tissue distribution and sequestration, X
metabolism, and handling by transporter proteins)
Clinical PK (plasma/blood) profiles following intravenous administration® X X
Drug product
In vitro physicochemical characterization of the drug product X
Formulation pH, API solubility (aqueous or oil phase), droplet size, rheological X
properties (viscosity)
Formulation composition X
Evaporation (drying rate or vehicle volume loss profile)” X
In vivo percutaneous PK studies (dMD) X¢ X
Synovial fluid sampling X X
Clinical (plasma/blood) PK profiles following skin application X

Abbreviations: ADME, absorption, distribution, metabolism, elimination; API, active pharmaceutical ingredient; dMD, dermal microdialysis; MPML, multi-phase
multi-layer; MW, molecular weight; PBPK, physiologically-based pharmacokinetic; PK, pharmacokinetic.

“If not available, clinical PK profiles following oral administration may be considered.

°Not included in the current model.

“Model refinement by the Agency.

FIGURE 1 Overview of the validation
methodology proposed by the applicant

Fit-for-purpose model for Voltaren® topical gel, 1% (R)
Fit-for-purpose model for diclofenac sodium topical gel, 1% (T)

in support of their fit-for-purpose dermal
physiologically-based pharmacokinetic
models for Voltaren topical gel, 1%

(reference, R) and for the generic diclofenac
Model performance assessment for

‘ Platform performance assessment diclofenac dermatological products
(gel, solution), the R and T products

sodium topical gel, 1% (test, T)

l Suitably validated platform Suitably validated model

Virtual bioequivalence trial: R versus T
two-way crossover in healthy volunteers

d

Bioequivalence assessment

MPML MechDermA model within the Simcyp Simulator, diclofenac sodium, as these were covered under the first level
version 17). The performance of the platform was evalu- validation. The overview of the model validation process is
ated by validating a significant number of PBPK models for presented in Figure 1. The performance acceptance criteria
dermatological products using literature data sources. The utilized by the Agency are detailed below in Considerations
dermal PBPK models supporting the second level valida- on the performance acceptance criteria for dermal PBPK
tion included dermatological products with APIs other than models.
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Performance assessment of dermal PBPK models
developed for diclofenac sodium topical drug
products in the MPML MechDermA, Simcyp
Simulator, version 17
Various literature sources>>>>° were leveraged by the ap-
plicant and the Agency toward validating the dermal PBPK
models developed for diclofenac sodium topical drug products,
including solution and gel (emulsion) formulations. Simulation
scenarios captured model performance following a single or
multiple product application. Model predictions were generated
for a range of applied doses at multiple application sites that
included the backs and knees among others and were compared
with corresponding observed data. The applicant validated its
product-specific models developed for the reference and the test
products by utilizing an independent dataset from the in vivo BE
study with PK end points supporting its submission (Figure 2).
The “bottom-up” approach described in this paper, resulted
in overprediction of the distribution and elimination phase of
diclofenac following the application of the diclofenac sodium
topical gel, 1%, as shown on Figure 2, although observed expo-
sure PK parameters such as the maximum concentration (C,,,,)
and area under the concentration versus time curve (AUC) were
predicted reasonably well (Table 2). The noted discrepancy be-
tween predicted and observed PK profiles is consistent with
dermal absorption being the rate limiting step for diclofenac
disposition. Sensitivity analysis indicated the diclofenac parti-
tion coefficient from the vehicle (diclofenac sodium topical gel,
1%) to the SC (Kpscjip:venicte) @nd the diclofenac partition coef-
ficient from the SC and to the viable epidermis (Kpgc.yg) as im-
pactful model parameters. In the absence of experimental data,
these parameters were informed by the relevant QSAR models
embedded into the MPML MechDermA platform in the appli-
cant’s proposed model. Optimization of these parameters by
the Agency resulted in improved model predictions, as shown
in Figure S1. The Agency concluded on the acceptability of the
fit-for-purpose model for diclofenac sodium topical gel that the
applicant proposed for the following reasons: (i) BE between

P
()
~

——Mean prediction
95 % prediction interval
5% prediction interval

e Reference

Systemic Concentration (ng/mL)

o] 50 100 150 200 250
Time (h)
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the reference and test products is established based on systemic
PK profiles. Further modifying skin permeation model param-
eters, such as Kpsciip-venicle ad Kpgc.yg, would impact the PK
profiles for both reference and test products to the same extent,
but would not impact the outcome of the VBE assessment, (ii)
there was no observed data available to inform Kpgcyip.yehicte OF
Kpsc.vp, therefore QSAR-generated predictions may be suf-
ficient, (iii) model flexibility, which considers study-to-study
variation, is desirable; the Agency extended the model valida-
tion process, leveraging publicly available data on the reference
product.26

Model predictions on local exposure were validated, le-
veraging literature sources in which diclofenac amounts were
quantified using dermal microdialysis (AMD) and skin biopsy
among others. >33 High variability was observed with mea-
surements of skin diclofenac amounts that typically involved
single time sampling of the subcutis (n = 2 studies), muscle
(n = 1 study), or synovial fluid (n = 1 study), as documented
29353639 and shown in Figure 3. Due to the
lack of agreement between model predictions and quantified
drug amounts in the skin (Figure 3), the performance of the
dermal PBPK model for diclofenac sodium was not consid-
ered satisfactory. Therefore, the applicant’s dermal PBPK
model for diclofenac sodium in dermatological drug products
was considered to be partially validated. To gain confidence

in the literature

in using the model for the intended purpose of predicting
local tissue diclofenac concentrations, the Agency refined the
model using publicly available information, as described in
detail below in Refinement of the dermal PBPK model.

Performance assessment of the modeling
platform, MPML MechDermA in the Simcyp
Simulator, version 17

Evaluating the performance of the MPML MechDermA mod-
eling platform was critical for the overall credibility of the
quantitative tool. As shown in Table 3, dermal PBPK models

—~
O
-~

N
~

=
)

8

——Mean prediction
95 % prediction interval
5% prediction interval

® Test

Systemic Concentration (ng/mL)

0 50 100 150 200 250
Time (h)

FIGURE 2 Observed mean plasma pharmacokinetic profiles (red circles) versus population predictions (mean and 5/95% prediction intervals)

following application of the reference (a) and the test (b) drug product. Predictions were generated leveraging dermal physiologically-based

pharmacokinetic models developed for Voltaren topical gel, 1% (reference) and its genetic (test)
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TABLE 2 Observed and predicted plasma diclofenac C
drug product

max and AUC following the application of the application of the reference and the test

R T
Parameter C nax Dg/mMl AUC, ng-hr/ml C ax Ng/ml AUC, ng-hr/ml
Predicted/observed ratio 0.82 1.77 0.70 1.74

Note: Predictions were generated leveraging dermal physiologically-based pharmacokinetic models developed for Voltaren topical gel, 1% (reference) and its genetic

(test).

Abbreviations: AUC, area under the concentration/amount curve from time zero to the last measurable concentration; C,,,, maximum concentration; R, reference drug

product; T, test drug product.
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FIGURE 3 Observed diclofenac amounts quantified in subcutis (a, b, ¢), the muscle (d) and the synovial fluid (e) (black circles) following

application of diclofenac sodium dermatological products versus model-generated predictions generated by simulating the study design conditions

provided in the respective literature sources

for more than 10 active ingredients were developed utilizing
the MPML MechDermA model for a variety of dermatological
products including TDS and topical drug products (e.g., topical
solutions, creams, ointments, and gels). The active ingredients
of the selected dermatological products covered a wide range
of values in terms of their physicochemical properties (lipophi-
licity and ionization potential) and PK characteristics (protein
binding, extent of distribution in the human body, route of elimi-
nation, and blood-to-plasma partitioning among others). Active
ingredients that were similar to diclofenac in physicochemical
properties, pharmacological activity, and site of action were in-
cluded. The diverse selection of active ingredients was useful
toward validating the performance of the platform intended to
model the local and systemic diclofenac bioavailability.
Topical drug products, including single phase systems
(solutions, gels) and complex dosage forms, such as gels
(emulsions), creams, and ointments, were selected for the
performance assessment. The complex pharmaceutical for-
mulations of the modeled drug products presented the plat-
form with the necessary challenge for assessing its predictive
power under relevant scenarios. However, information on
formulation attributes was not always readily available for
certain products in literature sources or for those approved

by regulatory agencies outside the United States. This lack
of information necessitated assumptions in the model devel-
opment process and was acknowledged as a limitation by the
applicant and the Agency.

Three active ingredients were studied in multiple dosage
forms for which individual dermal PBPK models were de-
veloped. For two active ingredients, simulated amounts were
compared with the observed amounts in multiple skin layers,
including SC, dermis, subcutis, muscle, and synovial fluid.
Data obtained with validated in vitro permeation testing (IVPT)
were also leveraged toward platform performance assessment.

Model validation for each of the developed dermal PBPK
models involved the comparison between the predicted local
(SC, dermis, subcutis, and muscle) and/or systemic PK pro-
files with the corresponding observed PK profiles retrieved
from the literature. A considerable number of independent
literature sources was used for model validation (Table 3).
For most of the developed models, model predictions were
in good agreement with observed data. The performance of
the MPML MechDermA platform was deemed overall satis-
factory, and the platform was considered appropriate for the
development of fit-for-purpose dermal PBPK model for di-
clofenac sodium topical gel, 1%.
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Considerations on the performance acceptance
criteria for dermal PBPK models

Currently, there are no established or formally recognized
acceptance criteria for adequate model performance by the
Agency. The “2-fold” criterion on mC,,,, and AUC was ref-
erenced in this case for performance assessment of the dermal
PBPK models developed for diclofenac sodium topical drug
products and of dermal PBPK models developed for drug
products supporting platform performance assessment. > 4043
Overall, a good agreement between the predicted and ob-
served PK profiles was observed (i.e., the overall shape of the
PK profile, model-predicted absorption phase, and prediction
of the time at C_,, [T, value were deemed satisfactory).
Additional considerations on the acceptance criteria included
the quality of the data used for building and assessing the
performance of the model, the credibility of the model as-
sumptions, the regulatory impact of the decision associated
with the model, and the level of confidence on the overall
modeling approach.

Refinement of the dermal PBPK model for
diclofenac sodium, topical gel 1% performed
by the Agency

The proposed model was expected to establish a reliable
link between systemic (plasma) and local (skin tissue
and synovial fluid) diclofenac concentrations/amounts.
However, model predictions locally were not satisfactory
per the Agency’s review, as noted previously. Therefore,
the Agency conducted sensitivity analyses and identi-
fied model parameters with the potential to impact local,
but not systemic, diclofenac exposure. These parameters
were modified (manual parameter optimization) by lev-
eraging observed data and implementing a “middle-out”
alpproalch.29’35’36

More specifically, when protein binding in the subcutis
and muscle tissue was assumed to be equal to plasma pro-
tein binding (protein fraction unbound was modified from the
default value of 1 and set equal to 0.003), model output im-
proved compared with the applicant’s original model output.
Partitioning coefficients to the subcutis (partition coefficient
from the dermis to the subcutis was modified from the default
value of 107 to 100) and muscle/synovial fluid (partition co-
efficient from the subcutis to the muscle modified from the
default value of 107 to 100 and partition coefficient from the
subcutis to the blood modified from the default value of 107>
to 10) were described in an empirical manner by refining
the relevant model parameters leveraging experimental data
from literature sources (Figure 3). The impact of these opti-
mized parameters on the systemic diclofenac concentration
was found to be minimal. Model refinement was challenging

considering high variability associated with the observed
data and considerations on model structural identifiability.
Following refinement, the model was able to both reliably
predict systemic diclofenac concentrations and reasonably
predict the local diclofenac amounts.

The applicant modified the muscle compartment to
model diclofenac partitioning into the synovial fluid, the
presumed pharmacological site of action. Although the re-
purposing of a tissue compartment is feasible within the
MPML MechDermA model and attractive suggesting model/
platform flexibility, it is important to be cautious of the un-
derlying assumptions and limitations of this approach. The
lack of agreement between observed data and model predic-
tions on diclofenac amounts in the presumed site of action
(Figure 3e), the synovial fluid, even after model refinement
can be attributed to the differences in physiology between the
muscle and the synovial fluid; the muscle compartment was
modified to mimic the synovial fluid only in terms of its vol-
ume without changes in the physiology. For instance, protein
expression, diclofenac partitioning and diffusion, and extent
of vascularization may be some of the differences between
the muscle and the synovial fluid physiology and its interplay
with diclofenac that were not taken into account.**** Finally,
a suboptimal model performance may be attributed to not ac-
counting for the disease (osteoarthritis) pathophysiology—
namely, the increase in the synovial fluid volume and local
blood flow commonly reported in patients with knee osteo-
arthritis due to inflammation; model predictions generated in
virtual healthy volunteers were compared with observed data
collected in pzsltients.zg’%’47 Although developing and validat-
ing a disease model for knee osteoarthritis was outside the
scope of dermal PBPK model for diclofenac sodium topical
gel supporting the ANDA submission and its assessment by
the Agency, sensitivity analysis performed by the Agency
showed that both synovial fluid volume and local blood flow
have the potential to impact diclofenac amounts in the syno-
vial fluid.

During the review process, the Agency assessed the capa-
bility of the model/MPML MechDermA platform to predict
the skin diclofenac amounts that may result from the redis-
tribution of diclofenac from the systemic circulation in the
skin as these may interfere with the local BE assessment. The
Agency leveraged literature sources on drug products that
provided measurements on drug amounts in the skin (skin
biopsy or dMD) resulting from redistribution from the blood
following oral or i.v. API administration.””***3%° The plat-
form was able to predict local amounts resulting from redis-
tribution of various APIs, including diclofenac reasonably
well.

Agency-conducted sensitivity analysis found that drug
product changes following skin application, such as vehicle
evaporation, may impact skin permeation. Although the ap-
plicant provided data showing comparable drying profiles
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between its test and the reference product, the applicant did
not account for drug product evaporation post-application in
its dermal PBPK model. As the formulation drying rate may
impact local and systemic bioavailability, incorporating this
type of experimentally generated data into the proposed der-
mal PBPK model is expected to increase its predictive power.
To that end, the Agency leveraged the proposed model and
conducted a risk-based assessment under the consideration
that drying profiles were very similar between the reference
and the test products.

Application of the dermal PBPK model
developed for diclofenac sodium topical gel,
1%, reference and test drug products toward a
bioequivalence assessment

One of the unique capabilities of PBPK modeling and simu-
lation tools is accounting for variability on anatomy, physiol-
ogy, demographics, and drug product parameters rendering
them useful tools toward generating predictions for a virtual
population of healthy volunteers or patients.'” %’

The fit-for-purpose refined dermal PBPK model for di-
clofenac sodium topical gel, 1%, was leveraged to predict
systemic and local (skin) exposure of diclofenac following
the administration of the reference and the test drug prod-
ucts in virtual healthy volunteers (Figure 1). As shown in
Figure 4, the population predictions for the reference and test
drug products were informed by the differing formulation
attributes (drug product microstructure) and the variability
assigned to model parameters (physiology, PK, and drug
product parameters) within the Simcyp Simulator. Assuming
a crossover study design similar to the in vivo BE study with
PK end points that supported the submission, systemic and
skin PK parameters were estimated from the population pre-
dictions for the two products. BE was formally assessed in
the plasma and several skin layers including the dermis and
the synovial fluid with Phoenix (version 8; Certara). The two
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products were found to be bioequivalent. A summary of the
results of the BE statistical analysis is provided in Table 4.

DISCUSSION

The regulatory recommendations for demonstrating BE for
generic diclofenac sodium topical gel, 1%, to the reference
product involve a comparative clinical end point BE study
coupled with an in vivo BE study with PK end points.”® The
recommendation is based on the potential for redistribution
of the diclofenac plasma concentrations obtained following
skin application from the blood into the skin contributing to
the observed pharmacological effect. Considering compara-
tive clinical end point BE studies tend to be the least sensitive
approach to detect formulation differences between a refer-
ence and test product, the Agency encourages generic drug
applicants to use alternative BE approaches, such as mod-
eling and simulation.

The overall BE assessment for the generic diclofenac so-
dium topical gel, 1%, discussed in this report included: (i)
evaluation of formulation sameness according to which no
difference in inactive ingredients or other aspects of the for-
mulation relative to the reference product with the potential
to significantly alter the local or systemic availability of the
active ingredient was noted between the reference and the test
products; (ii) the two products (reference and test) were found
to be physically and structurally similar and to have equiv-
alent rates of diclofenac release evaluated using a suitably
validated IVRT; (iii) the test product was BE to the reference
product in terms of systemic exposure assessed in an accept-
able in vivo study with PK end points; and (iv) the developed
dermal PBPK model was suitably validated to demonstrate
that the reference and test products are bioequivalent at or
close to the presumed site of action (skin and synovial fluid)
through a local VBE assessment. The latter mitigated the risk
of not conducting the PSG-recommended in vivo BE study
with comparative clinical end points.
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FIGURE 4 Population predictions (mean and 5/95% prediction intervals) of systemic (a) and local (b) exposure following application of the

reference and the test drug product generated leveraging dermal physiologically-based pharmacokinetic models for Voltaren topical gel, 1%, and its

genetic (test)
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TABLE 4 Summary of bioequivalence assessment results performed leveraging the simulated plasma and synovial fluid PK profiles generated

with the dermal PBPK models developed for the R and T drug products

Parameter R T
Plasma
Cirax Ng/ml 5.87 5.56
AUC, ng-hr/ml 638.40 630.56
Synovial fluid
Apaxs HE 230.13 222.47
AUC, pg-hr/ml 37,888.28 37,362.20

N Ratio Lower 90% PI Upper 90% PI
78 0.90 81.29 98.77
78 0.98 88.63 107.39
78 0.93 85.06 102.68
78 0.97 87.7 107.83

Note: Predictions were generated leveraging dermal PBPK models developed for Voltaren topical gel, 1% (reference) and its genetic (test).

Abbreviations: A,

maxs Maximum amount in the tissue; AUC, area under the concentration/amount curve from time zero to the last measurable concentration; C,,

maximum concentration; PBPK, physiologically-based pharmacokinetic; PK, pharmacokinetic; PI, prediction interval; N, sample size; R, reference drug product; T,

test drug product.

The proposed dermal PBPK model for diclofenac sodium
topical gel, 1%, incorporated information on formulation at-
tributes obtained following the in vitro characterization of
the reference and the test product. Relevant model parame-
ters were informed, and model assumptions were supported
by experimental data retrieved from the published literature,
and proprietary data were generated by the applicant. The
capability of the model to generate local and systemic di-
clofenac exposure predictions following the application of
dermatological products that were sensitive to formulation
differences was adequately validated. The first stage of the
V&V process was aimed at demonstrating the predictive
power of the model developed for diclofenac sodium top-
ical gel, 1%, in describing observed clinical data of local
and systemic diclofenac exposure. In this step, the devel-
oped models reasonably described literature data and data
generated by the applicant on diclofenac skin permeation
and plasma exposure following application of various di-
clofenac dermatological products in addition to the test and
the reference products. For locally acting drug products,
the overall performance of the modeling platform used for
model development constitutes an integral part of the V&V
process. To demonstrate satisfactory performance for the
modeling platform utilized in this case, a significant num-
ber of PBPK models for dermatological products were de-
veloped by the applicant and validated using literature data
sources. The developed models captured reasonably well
local and systemic bioavailability for active ingredients of
varying physicochemical properties and PK characteristics.
The predictive power of the MechDermA model was val-
idated by assessing model predictions for simple or more
complex semisolid topical products and TDSs for which the
impact of dispensing and application methodologies and
product metamorphosis on skin permeation varies. This
novel, two-level V&V process is relevant for locally acting
drug products for which validation of model predictions on
local bioavailability may be challenging due to feasibility or
data availability issues. Notably, the overall V&V process

proposed by the applicant was resource-intensive as it in-
volved the development and validation of a high number
of dermal PBPK models, but it was crucial in establishing
confidence in the predictive power of the platform and in
the developed models for the reference and test products.
Collectively, acceptable performance across all developed
dermal PBPK models increased confidence in the platform
used for model development, the assumptions, and the model
structure itself. Importantly, the collection of dermatologi-
cal drug products under the two stages of the V&V process
was useful in assessing the impact of formulation attributes
as these were captured in the platform on local and systemic
bioavailability; the latter is desirable for a fit-for-purpose
dermal PBPK model for diclofenac sodium topical gel, 1%,
developed to support a BE approach. The Agency extended
the model and platform V&V process on assessing the ca-
pability of the MPML MechDermA platform to predict the
API concentration in the skin resulting from redistribution
from the systemic circulation as this may interfere with a
VBE assessment.

The Agency refined the submitted model to improve
local exposure predictions at or near to the presumed site of
action (synovial fluid)®® with considerations of high vari-
ability associated with observed data and model structure
identifiability issues. Optimization of diclofenac protein
binding and distribution in the deeper tissues, such as the
subcutis and the simulated synovial fluid/muscle param-
eters, improved model outcomes. Satisfactory model per-
formance locally was deemed necessary for the proposed
fit-for-purpose model to establish a link between systemic
and local exposure considering the PSG-recommended
comparative clinical end point BE study was not performed.
The fully validated refined model was found adequate for a
VBE assessment.

Further improvement in the model-generated predic-
tions of local and systemic diclofenac bioavailability may be
achieved by accounting for additional formulation compo-
nents. Incorporating the rheological properties of the drug
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product in the proposed dermal PBPK model, and accounting
for the effects of inactive ingredients on the API permeation
through the skin and the changes in the thermodynamic ac-
tivity of the drug product post-application may lead to more
realistic modeling outputs. Additionally, a more detailed
model structure that captures how diclofenac skin disposi-
tion may be impacted by protein binding, blood flow, and
lymph flow, especially in the dermis, may improve model
predictions in the skin and the systemic circulation. To that
end, the FDA has initiated external research projects under
the Generic Drug User Fee Amendments I and II regulatory
science program.'®4

CONCLUSION

Approval of the generic diclofenac sodium topical gel, 1%,
discussed here provides a successful example of the utiliza-
tion of novel quantitative tools and modeling in support of
an alternative BE approach for dermatological generic drug
products. PBPK modeling supported an alternative BE ap-
proach that did not include a comparative clinical end point
BE study for a generic diclofenac sodium topical gel, 1%.
To demonstrate the credibility of its modeling approach,
the applicant applied a novel V&V process in its regulatory
submission. The benefit of applying PBPK models to sup-
port regulatory decision making, especially for locally acting
products, warrants further investment, collaboration, and a
joint effort from the Agency, industry, and academia.
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