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Foreword

No area of drug development has been more active in recent years than that of
generic drugs. More than four out of every five prescriptions dispensed in the USA
are generic versions of drug products. In the past decade alone, generic drugs have
generated more than a trillion dollars in savings to our nation’s health care system.
Central to the generic drug success story have been scientifically sound bioequiv-
alence standards, developed within the FDA’s Center for Drug Evaluation and
Research (CDER), and explored here in FDA Bioequivalence Standards.

The primary economic tenet of generic drug development is that the majority of
the costly animal and human studies required to ensure the safety and efficacy of
innovator drugs need not be repeated for generic copies. Bioequivalence, among
other FDA standards, ensures that generic drugs are safe, effective, and equivalent
to the innovator drugs by providing the essential link between the data generated
during innovator drug development and the generic copy.

The influence of our bioequivalence standards extends beyond safeguarding the
safety and efficacy of generic drug products. New drug development also benefits
from application of bioequivalence testing, which provides developmental avenues
to formulation refinement, manufacturing scale-up, and other post-approval issues.
Through applied bioequivalence concepts, scientists have addressed to varying
extents many of the major problems that have recently confronted pharmaceutical
regulation, including threats to public health stemming from drug shortages and
product adulteration.

Bioequivalence standards must continue to evolve as the landscape of drug
development incorporates new levels of complexity. I am proud to see the wealth
of outstanding work that has emerged from CDER in support of this goal. FDA
Bioequivalence Standards provide the specifics of bioequivalence studies so that
developers are familiar with the thinking of CDER experts who have confronted
bioequivalence issues in numerous diverse and challenging contexts. I, like the
authors and editors of this book, hope that readers will appreciate the current
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contribution of bioequivalence standards to drug development and anticipate the
scientific hurdles that lie ahead as we confront more complex products and diverse
routes of administration.

Silver Spring, MD, USA Janet Woodcock



Preface

The initial seed for publishing a book on FDA’s bioequivalence standards was
implanted at the “2008 American Association of Pharmaceutical Scientists Annual
Meeting and Exposition” in Atlanta, Georgia. It was in November—the climate was
pleasantly cool and gentle, but inside the convention center the mood was hot and
lively because of the discourse among a group of pharmaceutical scientists from
around the world regarding FDA’s bioequivalence guidance. While appraising
FDA'’s bioequivalence guidance for specific drug products, many of the attendees
raised inquiries about the bioequivalence of highly variable drugs, a topic that has
been in controversy for decades. The discussions revealed a need—in particular, a
need for some sort of literature to make available to the public that would system-
ically and transparently expound on FDA'’s rationale on bioequivalence. After
stepping out of the room where the discussion was taking place, a thought sparkled
in the editors’ minds: what about a book?

The desire to publish a book on FDA’s bioequivalence standards continued to
grow in 2009 and 2010, a vigorous period when FDA implemented the partial area
under the plasma concentration time curve (AUC) approach for drugs with complex
pharmacokinetic profiles and initiated discussions on bioequivalence for narrow
therapeutic index drugs. Meanwhile, debates on bioequivalence approaches for
locally acting gastrointestinal drugs indicated that the public bore tremendous mis-
understanding of the FDA’s bioequivalence approaches. Although papers and books
touching on these topics were published over that period of time, the information was
delivered sporadically and in an unsystemic manner.

With the recent development of bioequivalence approaches for locally acting
gastrointestinal drugs, liposomes, and inhalation products, as well as the issuance of
FDA guidance on bioanalytical method validation, the editors of this book felt it
was time—in fact, even essential to publish a book that summarized the origin,
current development, and future trends of FDA’s bioequivalence standards.
To date, no book had been published that systemically communicated FDA’s
bioequivalence approaches to the public.

FDA Bioequivalence Standards features a comprehensive selection: 16 chapters
of the most current regulatory sciences in the bioequivalence area. These chapters are

vii



viii Preface

scrupulously selected to construct broad yet thorough coverage of the relevant topics
in the field of bioequivalence. Chapter 1 discusses the origin of bioequivalence and
reviews recent developments. Chapters 2 and 3 describe fundamentals of bioequiv-
alence and detail statistical considerations. Chapter 4 explains the science of food
effect on bioequivalence studies and elaborates on the study details. Chapter 5
discusses conditions for waivers of bioequivalence study, the Biopharmaceutics
Classification Systems (BCS), and the Biopharmaceutics Drug Disposition Classifi-
cation System (BDDCS). These five chapters are the foundation of bioequivalence.
We recommend that beginning learners of this subject matter refer to these five
chapters to garner the fundamentals of bioequivalence.

Chapters 6-8 introduce FDA approaches for highly variable drugs, the partial AUC
concept, and narrow therapeutic index drugs. Chapters 9 and 10 focus on bioequiva-
lence approaches with pharmacodynamics and clinical endpoints. Chapters 11-14
discuss the individual product classes that are considered more complex because the
conventional pharmacokinetic approach alone is not sufficient to establish their bio-
equivalence. Because of their complexity, new approaches are developed to establish
bioequivalence. The products discussed in these chapters are liposome, locally gastro-
intestinal drug products, topical products, and nasal and inhalation products. Chapter 15
is devoted to modeling and simulation, an area that has recently received considerable
attentions as a tool in the demonstration of bioequivalence. Finally, Chapter 16
discusses the current best practices in bioanalytical method validation, introduces
recent developments in bioanalysis, and highlights the challenges in bioanalysis.

These chapters are written, at least with our hopes and emphasis, in such way
that beginning learners of bioequivalence can pick up a chapter, read through a
subject of interest, and understand its overall contour and generate an outline of
profile. Meanwhile, readers with years of experience in the bioequivalence area,
when encountered with a puzzle, will be able to consult this book to help them find
their answer. As such, we strived to ensure that the breadth and depth were
appropriately measured.

FDA scientists who themselves develop regulatory policies and conduct regu-
latory assessment of bioequivalence studies contributed all of the chapters in this
volume. Thus, fundamental sciences, as well as practical case studies, are
highlighted in these chapters. The original contributions were then reviewed by
renowned scientists who are respected experts in their fields to ensure the quality of
the contributions. Herein, we would like to thank our chapter reviewers for their
valuable time and effort. It was an intellectually gratifying experience to collabo-
rate with them on this book.

We believe that the publication of this book will bring the most state-of-the-art
regulatory science in bioequivalence and provide invaluable information to world-
wide scientists who work in the pharmaceutical industry, regulatory agencies, and
academia. Meanwhile, we affirm it will also serve as a valuable education resource
for undergraduate and graduate students.

Silver Spring, MD, USA Lawrence X. Yu
Bing V. Li


http://dx.doi.org/10.1007/978-1-4939-1252-0_1
http://dx.doi.org/10.1007/978-1-4939-1252-0_2
http://dx.doi.org/10.1007/978-1-4939-1252-0_3
http://dx.doi.org/10.1007/978-1-4939-1252-0_4
http://dx.doi.org/10.1007/978-1-4939-1252-0_5
http://dx.doi.org/10.1007/978-1-4939-1252-0_6
http://dx.doi.org/10.1007/978-1-4939-1252-0_8
http://dx.doi.org/10.1007/978-1-4939-1252-0_9
http://dx.doi.org/10.1007/978-1-4939-1252-0_10
http://dx.doi.org/10.1007/978-1-4939-1252-0_11
http://dx.doi.org/10.1007/978-1-4939-1252-0_14
http://dx.doi.org/10.1007/978-1-4939-1252-0_15
http://dx.doi.org/10.1007/978-1-4939-1252-0_16

Contents

10

11

Bioequivalence History . . . ....... ... ... .. ... ... ... . ...

Alex Yu, Duxin Sun, Bing V. Li, and Lawrence X. Yu

Fundamentals of Bioequivalence . . . .......................

Mei-Ling Chen

Basic Statistical Considerations. . . ... ....................

Fairouz T. Makhlouf, Stella C. Grosser, and Donald J. Schuirmann

The Effects of Food on Drug Bioavailability and Bioequivalence . . .

Wayne 1. DeHaven and Dale P. Conner

Biowaiver and Biopharmaceutics Classification System. . . . . . ..

Ramana S. Uppoor, Jayabharathi Vaidyanathan,
Mehul Mehta, and Lawrence X. Yu

Bioequivalence of Highly Variable Drugs...................

Barbara M. Davit and Devvrat T. Patel

Partial Area Under the Curve: An Additional Pharmacokinetic

Metric for Bioavailability and Bioequivalence Assessments. . . . .

Hao Zhu, Ramana S. Uppoor, Mehul Mehta, and Lawrence X. Yu

Bioequivalence for Narrow Therapeutic Index Drugs. .........

Wenlei Jiang and Lawrence X. Yu

Pharmacodynamic Endpoint Bioequivalence Studies. . . . ... ...

Peng Zou and Lawrence X. Yu

Clinical Endpoint Bioequivalence Study . . ..................

John R. Peters

Bioequivalence for Liposomal Drug Products. . .. ............

Nan Zheng, Wenlei Jiang, Robert Lionberger, and Lawrence X. Yu

ix



Contents

X

12 Bioequivalence for Drug Products Acting Locally
Within Gastrointestinal Tract. . ........................... 297
Xiaojian Jiang, Yongsheng Yang, and Ethan Stier

13 Bioequivalence for Topical Drug Products. . ................. 335
April C. Braddy and Dale P. Conner

14 Bioequivalence for Orally Inhaled and Nasal Drug Products. . . . . 369
Bhawana Saluja, Bing V. Li, and Sau L. Lee

15 Bioequivalence: Modeling and Simulation. . . ... ............. 395
Xinyuan Zhang

16 Bioanalysis. ... ....... ... ... .. 419
Sriram Subramaniam

Abbreviations. . . ... ... 459



Contributors

April C. Braddy Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Mei-Ling Chen Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Dale P. Conner Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Barbara M. Davit Biopharmaceutics, Clinical Research, Merck, Sharp and
Dohme Corp., Whitehouse Station, NJ, USA

Wayne 1. DeHaven Center for Drug Evaluation and Research, U.S. Food and
Drug Administration, Silver Spring, MD, USA

Stella C. Grosser Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Wenlei Jiang Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Xiaojian Jiang Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Sau L. Lee Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Bing V. Li Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Robert Lionberger Center for Drug Evaluation and Research, U.S. Food and
Drug Administration, Silver Spring, MD, USA

Fairouz T. Makhlouf Center for Drug Evaluation and Research, U.S. Food and
Drug Administration, Silver Spring, MD, USA

Xi



Xii Contributors

Mehul Mehta Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Devvrat T. Patel Office of Generic Drugs, Center for Drug Evaluation and
Research, US Food and Drug Administration, Rockville, MD, USA

John R. Peters Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Bhawana Saluja Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Donald J. Schuirmann Center for Drug Evaluation and Research, U.S. Food and
Drug Administration, Silver Spring, MD, USA

Ethan Stier Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Sriram Subramaniam Center for Drug Evaluation and Research, U.S. Food and
Drug Administration, Silver Spring, MD, USA

Duxin Sun College of Pharmacy, University of Michigan, Ann Arbor, MI, USA

Ramana S. Uppoor Center for Drug Evaluation and Research, U.S. Food
and Drug Administration, Silver Spring, MD, USA

Jayabharathi Vaidyanathan Center for Drug Evaluation and Research,
U.S. Food and Drug Administration, Silver Spring, MD, USA

Yongsheng Yang Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Alex Yu College of Pharmacy, University of Michigan, Ann Arbor, MI, USA

Lawrence X. Yu Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Xinyuan Zhang Office of Generic Drugs, Center for Drug Evaluation and
Research, Food and Drug Administration, Silver Spring, MD, USA

Nan Zheng Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Hao Zhu Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA

Peng Zou Center for Drug Evaluation and Research, U.S. Food and Drug
Administration, Silver Spring, MD, USA



About the Editors

Lawrence X. Yu is the acting director of the Office of Pharmaceutical Science,
Center for Drug Evaluation and Research (CDER), FDA, in Maryland, USA, where
he oversees new, generic, and biotechnology product quality review functions as
well as the FDA CDER quality labs. Dr. Yu is an adjunct professor at the University
of Michigan, a fellow of the American Association of Pharmaceutical Scientists
(AAPS), and an associate editor of The AAPS Journal. Dr. Yu received an M.S. in
Chemical Engineering from Zhejiang University in Hangzhou, China; an M.S. in
Pharmaceutics from the University of Cincinnati in Cincinnati, Ohio, USA; and
a Ph.D. in Pharmaceutics from the University of Michigan in Ann Arbor, Michigan,
USA. He is also the author/coauthor of more than 100 papers, abstracts, and book
chapters and coeditor of Biopharmaceutics Applications in Drug Development.

Bing V. Li is a acting deputy director in the Division of Bioequivalence I, Office
of Generic Drugs, Center for Drug Evaluation and Research (CDER), FDA, in
Maryland, USA. Her current responsibility is to review drug products submitted in
Abbreviated New Drug Applications (ANDAs) to determine the adequacy of the
data from bioequivalence studies based on study design, analytical methodology,
and statistical analysis. Dr. Li received her Ph.D. in Pharmaceutical Sciences from
the University of Wisconsin in Madison, Wisconsin, USA. She has chaired numer-
ous FDA working groups, including the bioequivalence “For-Cause” Inspection,
bioequivalence for nasal product review template, and population bioequivalence
of inhalation products. Dr. Li is also the author/coauthor of 40 papers, abstracts, and
book chapters and winner of the Thomas Alva Edison Patent Award.

Xiii



Chapter 1
Bioequivalence History

Alex Yu, Duxin Sun, Bing V. Li, and Lawrence X. Yu

1.1 Introduction

Bioequivalence (BE) is defined as the absence of a significant difference in the rate
and extent to which the active ingredient or active moiety in pharmaceutical
equivalents or pharmaceutical alternatives becomes available at the site of drug
action when administered at the same molar dose under similar conditions in an
appropriately designed study. Drug products are considered pharmaceutical equiv-
alents if they contain the same active ingredient(s), are of the same dosage form,
route of administration, are identical in strength or concentration, and meet the
same or compendial or other applicable standards (i.e., strength, quality, purity, and
identity). Drug products are considered pharmaceutical alternatives if they contain
the same therapeutic moiety, but are different salt, esters, or complexes of that
moiety, or are different dosage forms or strengths (21 CFR 320).

Bioequivalence studies are a major component in evaluating therapeutic equiv-
alence by verifying that the active ingredient of the test drug product will be
absorbed into the body to the same extent and at the same rate as the corresponding
reference drug product. The significance of this study is that when two pharmaceu-
tically equivalent products are shown to be bioequivalent, the two products are
judged to be therapeutically equivalent. Therapeutically equivalent products are
expected to have the same safety and efficacy profiles, when administered under the
conditions listed in the product labeling. For generic drugs, bioequivalence studies
confirm the clinical equivalence between the generic and reference products. For
new drugs, these studies verify the clinical equivalence between different

A.Yu e+ D. Sun
College of Pharmacy, University of Michigan, Ann Arbor, MI 48109, USA
e-mail: alexmyu@med.umich.edu; duxins@med.umich.edu
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formulations and sometimes between different strengths. As such, bioequivalence
is an integral part of development and regulations for both generic and new drugs.

This chapter discusses the evolution of bioequivalence by dividing the history of
bioequivalence into three time periods: the 1970-1980s, the 1990s, and the 2000s.
The 1970s and 1980s were when bioequivalence was first established with an
important role in drug development and regulations. The 1990s marked an intense
discussion of the individual bioequivalence concept as well as the development of
the Biopharmaceutics Classification System (BCS) and its subsequent applications
to regulatory guidances. This era also featured the development of the predictive
compartmental absorption and transit (CAT) model. The turn of the millennia
(2000s) saw the development of Biopharmaceutics Drug Disposition Classification
System (BDDCS), evolution of BE standards for highly variable drugs, implemen-
tation of partial area under the curve (pAUC), creation of novel approaches for
narrow therapeutic index (NTI) drugs, and the development of a number of BE
approaches for locally acting drugs.

1.2 Bioequivalence Evolution in 1970s and 1980s

1.2.1 Bioequivalence Problems and Recognition

The early 1970s observed the start of serious investigation when patients that took
digoxin had variable or poor responses to the medication. Lindenbaum et al. (1971)
conducted a crossover study where 0.5 mg of digoxin was orally administrated to
four normal volunteers. There were significant variations observed in peak serum
levels from the same drug in different products made by various manufacturers.
One product exhibited sevenfold higher peak serum levels than the other manufac-
turer’s formulation. Even within the same manufacturer, there was significant
between-lot variation. Wagner et al. (1973), under the contract with the FDA
(Skelly 1976), confirmed Lindenbaum’s findings of lack of equivalence in plasma
levels of digoxin tablets made by different manufacturers.

A likely reason for the variation was a formulation defect where there was an
insufficient or excessive amount of active ingredient in the dosage form. This was
confirmed by the FDA through a systematic testing program initiated in April 1970
(Vitti et al. 1971). When digoxin tablet lots from Lindenbaum’s study were
assayed, it was found that the tablets from B2 were out of potency specification
(between 72 and 158.2 % of declared potency) whereas products A and B1 were
within potency requirements (Vitti et al. 1971).

Other possible reasons for variation include particle size, disintegration time,
dissolution rate, and the effects of various excipients. Wagner et al. (1973) found
equivalence lacking in digoxin plasma levels even with tablets that met the accep-
tance criteria for both potency and disintegration. Similar observations were also
made for other products such as tetracycline (Barnett et al. 1974; Barr et al. 1972),
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chloramphenicol (Glazko et al. 1968), phenylbutazone (Chiou 1972; Van Petten
etal. 1971), and oxytetracycline (Barber et al. 1974). These drug products exhibited
large variations in drug plasma levels exposing patients to potentially deadly
hazards.

Recognizing the existence of bioequivalence problems in marketed products, the
FDA Office of Technology Assessment (OTA) organized a drug bioequivalence
study panel of ten senior clinicians and scientists in 1974. The panel examined the
relationships between chemical and therapeutic equivalence of drug products on the
market. They also assessed the capabilities of technology available at that time to
determine whether drug products with the same physical and chemical composition
produced comparable therapeutic effects (OTA 1974b). Among the panel’s eleven
conclusions and recommendations, five are critical to the establishment of bio-
equivalence regulations (OTA 1974a):

1. Current standards and regulatory practices do not assure bioequivalence.

2. Variations in bioavailability are recognized as responsible for a few therapeutic
failures. It is probable that other therapeutic failures (or toxicity) of a similar
origin have escaped recognition.

3. Most of the analytical methodology and experimental procedures for the conduct
of bioavailability studies in man are available. Additional work may be required
to develop means of applying them to certain drugs and to special situations of
drug use.

4. Ttis neither feasible nor desirable that studies or bioavailability be conducted for
all drugs or drug products. Certain classes of drugs for which evidence of
bioequivalence is critical should be identified. Selection of these classes should
be based on clinical importance, ratio of therapeutic to toxic concentration in
blood, and certain pharmaceutical characteristics.

5. Additional research aimed at improving the assessment and prediction of bio-
equivalence is needed. This research should include efforts to develop in vitro
tests or animal models that will be valid predictors of bioavailability in man.

1.2.2 FDA 1977 Bioequivalence Regulation

Based on the recommendations provided by the drug bioequivalence study panel,
the FDA issued regulations that set forth procedures to establish bioequivalence
requirements. Effective February 7, 1977, these regulations define the terms of drug
product, pharmaceutical equivalent, pharmaceutical alternative, bioequivalent drug
product, and bioequivalence requirement (Federal Register 1977).

A bioequivalence requirement may be one or more of the following (Federal
Register 1977):

e An in vivo test in humans
e An in vivo test in animals other than humans that has been correlated with
human in vivo data
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e An in vivo test in animal other than humans that has not been correlated with
human in vivo data

¢ An in vitro bioequivalence standard, i.e., an in vitro test that has been correlated
with human in vivo bioavailability data

e A currently available in vitro test (usually a dissolution rate test) that has not
been correlated with human in vivo bioavailability data

» Invivo testing in humans shall ordinarily be required if there is well-documented
evidence that pharmaceutical equivalents or pharmaceutical alternatives
intended to be used interchangeably for the same therapeutic effect meet one
of the following conditions:

— They do not give comparable therapeutic effect

— They are not bioequivalent drug product

— They exhibit a narrow therapeutic ratio, e.g., there is less than a twofold
difference in LD50 and ED50 values, or there is less than twofold difference
in minimum toxic concentration and minimum effective concentration in the
blood, and safe and effective use of the product requires careful dosage
titration and patient monitoring

These regulations also required that all bioequivalence in vivo or in vitro testing
records of any marketed batch of drug products must be maintained until 2 years after
the batch expiration date and remain available to be submitted to the FDA on request.

1.2.3 Drug Price Competition and Patent Term
Restoration Act

The FDA 1977 bioequivalence regulations played an important role in the estab-
lishment of the 1984 Drug Price Competition and Patent Term Restoration Act,
informally known as the “Hatch-Waxman Act.” This act assumes that bioequiva-
lence is an effective surrogate for safety and efficacy. It established the modern
system of generic drugs where drug products must be therapeutically equivalent by
meeting the following general criteria (FDA Orange Book 2013):

1. Products are approved as safe and effective.

2. Products are pharmaceutical equivalents in that they (a) contain identical
amounts of the same active drug ingredient in the same dosage form and route
of administration and (b) meet compendial or other applicable standards of
strength, quality, purity, and identity.

3. Products are bioequivalent in that (a) they do not present a known or potential
bioequivalence problem, and they meet an acceptable in vitro standard, or (b) if
they do present such a known or potential problem, they are shown to meet an
appropriate bioequivalence standard.

4. Products are adequately labeled.

5. Products are manufactured in compliance with Current Good Manufacturing
Practice regulations.
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Upon meeting these requirements, generic products are expected to have the
same clinical effect and safety profile when administered to patients under the
conditions specified in the labeling (FDA 2013a).

Continual refinement of in vivo and in vitro science has led the FDA to revise
methods to demonstrate bioequivalence. As of publication date, current methods
used to meet the statutory bioequivalence requirement include (FDA 2003a):

. Pharmacokinetic (PK) studies

. Pharmacodynamic (PD) studies
. Comparative clinical trials

. In vitro studies

RSSO I \S R

The selection of the type of bioequivalence studies to be conducted is based on
the drug’s site of action and the study design’s ability to compare drug delivery.

1.2.4 Bioequivalence Decision Rules

There is extensive literature discussing the criteria for establishing bioequivalence.
The FDA Orange Book mentions a common notion that “based on the opinions of
FDA medical experts, a difference of greater than 20 % for each of the above tests
(area under the curve (AUC) and C,.x) was determined to be significant, and
therefore, undesirable for all drug products (FDA Orange Book 2013).” As such,
the bioequivalence limits have generally been taken within 20 % of the standard
(Hauck and Anderson 1984).

During the early development of bioequivalence, Skelly (2010) suggested the
determination of AUC measurements by physically plotting serum concentration
versus time on specially weighted paper, cutting out the respective plots, and
weighing each plot separately for comparison. This method, known as the Canadian
rule of £20 %, requires that the mean AUC of the generic drug be within 20 % of
the mean AUC of the approved product.

After the 1971 conference on bioavailability of drugs at the National Academy
of Science (Brodie and Heller 1971), the FDA started using the power approach.
This approach involved determining the AUC through integration instead of phys-
ical weights and required both AUC and C,,,x to be within +20 % of the innovator
product at an estimated power of 80 %.

However, the power approach is limited in that it only considers differences in
the calculated averages of AUC and C,,,x. With this approach, two approved
products can have equal AUC and C,,x mean values but differ in variability,
which may be problematic for some drugs such as NTI drugs. Consideration of
variability was deemed necessary for these drugs at the time. As a result, the FDA
developed an additional 75/75 rule, under which bioequivalence would be met if:

(a) There was no more than 20 % difference in mean AUC and C,,,x between the
test and reference products.
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(b) The relative bioavailability of the test product to the reference product
exceeded 75 % in at least 75 % of the subjects studied.

The use of 75/75 rule would be responsible for ensuring that there is not a lack of
efficacy in the event that there is variable plasma concentration (Patterson and
James 2005; Cabana 1983). However, the opposite also applies in that it is possible
that the 75/75 rule does not prevent side effects that result of potentially high
concentrations. Haynes (1981) also demonstrated that the rule had undesirable
performance characteristics and lacked statistical underpinning. As such, the
75/75 rule was later abandoned.

In 1983, Hauck and Anderson (1984) proposed the use of a bioequivalence
analysis that incorporated two null hypotheses (Hy) t-tests as shown below:

Ho:pp—pg <601 or pp—pg =6,
H1'91<MT_/4R<62

For these equations, ut is the logarithmic mean for the test (i.e., generic drug), ur
is the logarithmic mean for the reference (reference product), 6, is the lower limit
(log 80 %), and 6, is the upper limit (log 125 %). By combining the two statistical
one-sided tests, the null hypothesis (H,) states that the means are not equivalent and
the alternative hypothesis (H) states that the means are equivalent.

However, it is possible that the Hauck—Anderson #-test could conclude that two
products are bioequivalent when they are not. Schuirmann (1987) proposed a
solution called the “two one-sided tests procedure” that splits the alternative
hypothesis into two parts:

Hop cppp —pug <601 Hyp :pp —ug > 02
Hyyipp—pr > 01 Hip:pp —pg <6,

This test eliminates the possibility of an infinitely large rejection region when
certain criteria are met (typically when the observed means between the test and
reference are similar). This two one-sided test procedure has been used to establish
bioequivalence to this day.

To evaluate the performance of the two one-sided tests, Davit et al. (2009)
collected a total over 2,000 single-dose bioequivalence studies of orally adminis-
tered generic drug products approved by the Food and Drug Administration (FDA)
from 1996 to 2007 for a period of 12 years. For each study, the measurements
evaluated were drug plasma peak concentration (C,,,x) and drug concentration in
plasma over time (AUC). The average difference in C,,,x and AUC between generic
and innovator products was 4.35 % and 3.56 %, respectively. In addition, in nearly
98 % of the bioequivalence studies conducted during this period, the generic
product AUC differed from that of the innovator product by less than 10 %. The
resulting conclusion is that while the statistical test analyzes BE confidence from
the limit of 80—125 %, the actual difference between test and reference drug is
usually much smaller as noted by Fig. 1.1.
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Fig. 1.1 AUC distributions over 12 years of FDA BE data (Yu 2013)

1.3 Bioequivalence Evolution in 1990-2000

1.3.1 Individual Bioequivalence

One of the potential weaknesses of the two one-sided tests procedure lies in the fact
that it cannot address the question of whether the bioequivalence outcome is
sufficient to guarantee that an individual patient could be expected to respond
similarly to two different products.

This is because the two one-sided tests procedure only assesses the difference
between the test and reference means (average bioequivalence) while individual
bioequivalence assesses the difference of the mean and variability. Anderson and
Hauck proposed an individual bioequivalence test to provide reasonable assurance
that an individual patient could be switched from a therapeutically successful
product to another (Anderson and Hauck 1990; Hauck and Anderson 1994).

In the 1990s, the FDA published guidance documents on the proposed criterion
and statistical methodology for an individual bioequivalence approach (Chen and
Lesko 2001; FDA 1999b). These guidances would allow comparison of intra-
subject variances, scaling of bioequivalence criterion to the reference variability,
and detection of possible subject-by-formulation interactions. The new criterion
would also promote inclusion of heterogeneous population of volunteers in
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bioequivalence studies. Based on these considerations, the FDA had intended for
use of individual bioequivalence to replace average bioequivalence (Chen
et al. 2000; Hauck et al. 2000).

Despite the advantages and benefits, there were challenges for using the indi-
vidual bioequivalence approach. Most questions were focused on the following
three general areas (Chen and Lesko 2001):

1. Justification and need for an individual bioequivalence criterion
2. Financial and human resource burden of conducting replicate study designs
3. Appropriateness of the statistical methodology

To address these questions, there were many AAPS public workshops and
conferences (AAPS 1997, 1998, 1999) as well as the FDA Advisory Committee
for Pharmaceutical Science meetings (FDA 1996, 1997, 1998, 1999a, 2000a). The
FDA Individual Bioequivalence Expert Panel chaired by Leslie Benet reported at
the 1999 FDA Advisory Committee for Pharmaceutical Science meeting that
(Benet 1999):

 Individual bioequivalence is a promising, clinically relevant method that should
theoretically provide further confidence to clinicians and patients that generic
drug products are indeed equivalent in an individual patient.

* Even today, considering the studies summarized and analyzed by the FDA, the
data is inadequate to validate the theoretical approach and provide confidence to
the scientific community that the methodology required and the expense entailed
are justified.

e At this time, individual bioequivalence still remains a theoretical solution to
solve a theoretical clinical problem. We have no evidence that we have a clinical
problem, either a safety or an efficacy issue, and we have no evidence that if we
have the problem that individual bioequivalence will solve the problem.

As a result, the average bioequivalence approach remains the key method for
evaluation of bioequivalence today.

1.3.2 Biopharmaceutics Classification System

Amidon et al. (1995) developed a BCS for correlating in vitro drug product
dissolution and in vivo bioavailability. This classification was derived from the
physical properties of solubility and permeability on drug absorption. According to
the devised BCS system, drug substances are classified into four classes, as shown
in Table 1.1.

The BCS solubility classification is derived from an in vitro experiment that tests
the highest strength of a drug product. If the highest strength drug of a specified
dosage form is soluble in 250 mL or less of aqueous media over the pH range of
1.0-7.5, the drug is considered highly soluble. The 250 mL volume estimate is
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Table 1.1 Biopharmaceutics

: ) - Biopharmaceutics class Solubility Permeability
classification system (Amidon - -
et al. 1995) High High
I Low High
I High Low
v Low Low

derived from typical bioequivalence study protocols that prescribe administration
of drug product with a glass of water (~8 oz) to fasted human volunteers.

The BCS permeability classification is based directly on the extent of intestinal
absorption of a drug substance in humans or indirectly based on measurements of
the mass transfer rate across the human intestinal membrane. Animal or in vitro
models capable of predicting the extent of intestinal absorptions in humans may
also be used as alternatives, e.g., in situ rat perfusion models and in vitro epithelial
cell culture models (FDA 2000b). A drug substance is considered highly permeable
when the extent of intestinal absorption is determined to be 90 % or higher.

1.3.3 Biowaiver Based on BCS

In 2000, the FDA issued a guidance describing the waiver of in vivo bioavailability
and bioequivalence studies for immediate-release (IR) solid oral dosage forms based
on the BCS. This guidance allows applicants to request biowaivers for highly soluble
and highly permeable drug substances (Class I) in immediate-release solid
oral dosage forms provided the following conditions are met (FDA 2000b):

(a) The drug must be stable in the gastrointestinal tract

(b) Excipients used in the IR solid oral dosage forms have no significant effect on
the rate and extent of oral drug absorption

(c) The drug must not have an NTI

(d) The product is designed not to be absorbed in the oral cavity

(e) The drug dissolves rapidly in vitro

An IR drug product is considered to have a rapid dissolution when not less than
85 % of the labeled amount of the drug substance dissolves within 30 min using
USP Apparatus I at 100 rpm or USP Apparatus II at 50 rpm in a volume of 900 mL
or less of each of the following media (FDA 2000b):

(a) Acidic media, such as 0.1 N HCI or USP simulated gastric fluid without
enzymes (SGF)

(b) A pH 4.5 buffer

(c) A pH 6.8 buffer or USP simulated intestinal fluid without enzymes (SIF)

If the drug product does not meet these requirements, it is not considered to be a
rapidly dissolving product.
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Based on these BCS scientific principles, the cause of two pharmaceutically
equivalent solid oral products exhibiting in vivo differences in the rate and extent of
drug absorption may be due to in vivo differences in drug dissolution. If the in vivo
dissolution of an IR oral dosage form is rapid relative to gastric emptying, then the
rate and extent of drug absorption is likely to be independent of drug dissolution. In
terms of in vivo behavior, a highly soluble and rapidly dissolving drug product is
similar to an oral solution. Demonstration of in vivo bioequivalence may not be
necessary as long as the inactive ingredients used in the dosage form do not
significantly affect absorption of the active ingredient. For BCS Class I (both
high solubility and high permeability) drug products, demonstration of rapid
in vitro dissolution using required test conditions is sufficient for assurance of
similarly rapid in vivo dissolution. This avoids unnecessary costs and risks involved
in conducting clinical trials to demonstrate bioequivalence.

1.3.4 CAT Model

Although it was well known that small intestine transit time plays an important role
in absorption, there was little development in this area before 1990s. In 1996, Yu
et al. developed a CAT model constructed from the understandings of small
intestinal transit flow and its characterization (Yu et al. 1996a, b; Yu and Amidon
1998a). This model is able to predict both the rate and extent of absorption
(Yu et al. 1996a; Yu and Amidon 1998b).

When compared to the dispersion and single compartment model, it was found
that the CAT model was superior to the single-compartment model and less
complex than the dispersion model. The single compartment model characterizes
the drug as being distributed into the body as a single volume while the dispersion
model characterizes the drug distribution through convection and dispersion.

To extend the original CAT model’s capabilities in determining the rate, extent,
and approximate gastrointestinal location of drug liberation (for controlled release
formulations), an advanced compartmental absorption and transit (ACAT) model
was developed later (Agoram et al. 2001). The ACAT model is essentially the same
as the integrated absorption model which estimates fraction of dose absorbed and
provides a framework to determine when the absorption is limited by permeability,
dissolution, and solubility (Yu 1999).

The subsequent development of computer software transformed the ACAT
models into commercially available software for research and evaluation. Contin-
ued development has led to more accurate prediction models of in vitro—in vivo
correlations for oral absorption in comparison to previous models (Grbic
et al. 2011). Combined with biorelevant solubility, the modern computer
programs are also able to predict the magnitude of food effects and oral
pharmacokinetics of different drugs in both fasted and fed conditions. In addition
to its use for predicting oral drug absorption in the GI tract, whole body
Physiologically Based Pharmacokinetic Modeling (PBPK) and combined
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Table 1.2 Biopharmaceutics drug disposition classification system (Wu and Benet 2005)

Biopharmaceutics Predominant

class Solubility Permeability elimination Transporter effects

I High High Metabolism Transport effect minimal

1I Low High Metabolism Efflux transport effects

predominate®

1 High Low Renal/Biliary Absorptive transporter
elimination drug effects predominate
unchanged

v Low Low Renal/Biliary Absorptive and efflux
elimination drug transporter effects could
unchanged be important

“Both absorptive and efflux transporter effects can occur in liver (Thompson 2011)

Pharmacokinetic/Pharmacodynamic models have been constructed for predicting
whole body PK/PD consequences in humans (Huang et al. 2009). Recently, the
computer models have been also used to conduct virtual bioequivalence simulations
(Zhang et al. 2011).

1.4 Bioequivalence Evolution from 2000s to Present

1.4.1 Biopharmaceutics Drug Disposition
Classification System

In 2005, Wu and Benet (2005) proposed the BDDCS. This work expanded on the
BCS’ foundations of solubility and permeability by incorporating transporter
effects and elimination mechanisms. In particular, the BDDCS was developed to
predict drug disposition and drug—drug interactions in both the intestine and liver.
According to the BDDCS, a drug can be classified into one of the four classes as
shown in Table 1.2.

An example of how inclusion of metabolic and transporter analysis can allow for
predictions of drug delivery behavior when high-fat meals are taken into account is
given by Fleisher et al. (1999). Similar thought processes can also be used to predict
scenarios such as in vivo drug—drug interaction (i.e., competing transporters; Benet
2013). This approach leads to a significant distinction between BDDCS and BCS as
the former focuses on metabolism and the latter on absorption.

1.4.2 Bioequivalence Approach for Highly Variable Drugs

Highly variable drugs are defined as those for which within-subject variability
(%CV) of bioequivalence (BE) measures is 30 % or greater (Haidar et al. 2008).
The sources of within-subject variability include:



12 A. Yu et al.
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Fig. 1.2 Effect of variability on BE studies. With the same number of subjects, high variability
will lead to the wide confident intervals, making the study more difficult to pass the BE limit of
80-125 %

« Physiological factors affecting bioavailability such as regional pH in the gastro-
intestinal tract, bile and pancreatic secretions, luminal and mucosal enzymes,
gastrointestinal motility, gastric emptying, small intestinal transit time, and
colonic residence time.

e Inherent properties of the drug such as distribution, first-pass metabolism,
systemic metabolism, and elimination.

« Physicochemical properties of drug substance such as solubility.

¢ Formulation factors such as drug release.

¢ Other factors such as food intake.

Because of the nature of the average bioequivalence approach, bioequivalence
studies for highly variable drugs may need to enroll a large number of subjects even
when the generic and reference products have very little difference in mean
bioavailability. This is a consequence of high within-subject variability as shown
in Fig. 1.2. It is even possible that a highly variable reference product will fail to
demonstrate bioequivalence when compared with itself in a bioequivalence study
using the average bioequivalence approach and usual sample size (Midha
et al. 2005).

The belief is that highly intra-subject variable drugs generally have a wide
therapeutic window where products have been demonstrated to be both safe and
effective despite the high variability (Benet 2006). With this in mind, applying the
same average bioequivalence criteria to highly variable drugs/products may unnec-
essarily expose large number of healthy subjects to the drug (Benet 2006).
To minimize unnecessary human testing, various approaches with alternate
study designs, statistical methods, and other considerations have been proposed
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and investigated to demonstrate bioequivalence of highly variable drugs.
These approaches include bioequivalence studies with multiple doses at steady
state, a limited sampling method, individual bioequivalence, direct expansion of
bioequivalence limits to prefixed values, and widening of bioequivalence limits by
scaling approaches (Zhang et al. 2013). Because each method has its advantages
and disadvantages, there is no universally accepted approach to demonstrating
bioequivalence for highly variable drugs.

The FDA has chosen to evaluate the following approaches for demonstration of
bioequivalence for highly variable drugs and products: direct expansion of BE
limits, expansion of BE limits based on fixed sample size, widening of BE limits
based on reference variability, and expansion of BE limits based on sample size and
scaling (FDA 2004). Based on these evaluations, the FDA developed a reference-
scaled average bioequivalence approach with a point-estimate constraint, where the
bioequivalence acceptance limits are scaled to the variability of the reference
product.

This approach adjusts the bioequivalence limits of highly variable drugs by
scaling to the within-subject variability of the reference product in the study. The
use of reference-scaling is based on the general concept that reference variability
should be used as an index for setting the public standard of the bioequivalence
limit. This effectively decreases the sample size needed to demonstrate bioequiv-
alence of highly variable drugs.

The FDA'’s final approach includes the additional requirement of a point-
estimate constraint that imposes a limit on the difference between the test and
reference means. This eliminates the potential that a test product could enter the
market with a large mean difference from the reference product. The use of the
reference-scaling approach necessitates a study design that would allow for deter-
mination of reference variability, i.e., multiple administrations of the reference
treatment to each subject. The FDA recommended partial replicate design as the
most efficient way to obtain this information. The reference-scaled average bio-
equivalence approach has been used successfully at the FDA. To date, this new
approach has supported many approvals of high variable generic drug products.

1.4.3 Bioequivalence for NTI Drugs

Although the use of 80—125 % bioequivalence limits has been historically proven to
be a rigorous criterion after approval of thousands of generic drugs and post-
marketing drug product changes, this criterion may not be conservative enough
for NTI drugs as small changes in blood concentration of these drugs can poten-
tially have serious therapeutic consequences and/or adverse drug reactions in
patient use. Because of the risks that can arise from the NTI drugs, there have
been debates, among health care professionals, pharmaceutical scientists, regula-
tory agencies, and consumer advocates, about how much assurance is needed for
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a generic NTI drug product to be considered bioequivalent to its reference product.
In 2010 and 2011, the FDA held two advisory committee meetings to discuss the
definition of NTI drugs and the BE approaches to establishing therapeutic equiva-
lence of these drug products (FDA 2011d).

Historically, a variety of terms have been used to describe the drugs in which
comparatively small differences in dose or concentration may lead to serious
therapeutic failures and/or serious adverse drug reactions in patients. These may
include NTI, narrow therapeutic range, narrow therapeutic ratio, narrow therapeutic
window, and critical-dose drugs. The FDA advisory committee recommended the
use of the term “narrow therapeutic index (NTI)” and defined NTI drugs as drugs
where small differences in dose or blood concentration may lead to serious thera-
peutic failures and/or adverse drug reactions that are life-threatening or result in
persistent or significant disability or incapacity (Yu 2011):

(a) There is little separation between therapeutic and toxic doses or associated
blood/plasma concentrations.

(b) Subtherapeutic concentrations may lead to serious therapeutic failure and/or
above-therapeutic concentrations may lead to serious adverse drug reactions in
patients.

(c) Subject to therapeutic monitoring based on pharmacokinetic or pharmacody-
namics measures.

(d) Possess low-to-moderate (i.e., no more than 30 %) within-subject variability.

(e) In clinical practice, doses are often adjusted in very small increments (less than
20 %).

Based on the input from the advisory committee, FDA conducted simulations to
investigate the application of different BE approaches for NTI drugs, including the
use of (1) direct tightening of average BE limits and (2) tightening BE limits based
on the variability of the reference product (the reference-scaled average BE
approach) (FDA 2011d). Variables evaluated in the simulations included within-
subject variability, sample size, and point-estimate limit. The powers of a given
study design were compared using the reference-scaled average BE approach
versus the average BE approach. Simulation results indicated that an approach
that tightens BE limits based on reference variability is the preferred approach for
evaluating the BE of NTI drugs. A four-way, crossover, fully replicated study
design is preferred because such a study design will permit variability comparison
in addition to the mean comparison. Both comparisons have to be considered when
declaring bioequivalent.

The baseline BE limits for NTT drugs is 90—-111 %, which would be scaled based
on the within-subject variability of the reference product. When the reference
variability is <10 %, the BE limits will be narrower than 90-111 %. Conversely,
when the reference variability is >10 %, the BE limits will be wider than 90-111 %,
but are capped at 80-125 %. To ensure that the BE limits for NTI drugs are never
wider than those for conventional drugs, it is critical that every study pass the scaled
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average BE and the unscaled average BE limits of 80-125 %. Because most NTI
drugs have low within-subject variability, the BE limits for these drug products
would almost always be tightened to less than 80-125 % accordingly.

The four-way, crossover, fully replicated study design will also permit the
comparison of within-subject variability in the test and reference products to
confirm that their variances do not differ significantly. FDA’s simulation studies
demonstrated that test and reference products with unacceptably large differences
in within-subject variability may still pass the reference-scaled BE limits,
suggesting that the reference-scaled average bioequivalence approach alone is not
adequate to ensure the similarity of test and reference products for NTI drugs. FDA
proposed an F-test to evaluate whether the within-subject variability of test and
reference products are comparable by calculating the 90 % confidence interval of
the ratio of the within-subject standard deviation of the test to reference product
(FDA 2011d). To determine the appropriate upper limit of the confidence interval
of the variability test, FDA evaluated the limit value of 2, 2.5, and 3 and concluded
that the appropriate upper limit of the 90 % confidence interval should be <2.5.

1.4.4 Partial Area Under the Curve

Since the inception of bioequivalence, the peak exposure (C,,.x) and total exposure
(AUC) have been used to measure the rate and extent of absorption. These two
metrics along with the time to peak concentration (T,,,x) generally work well for
immediate release and even for many modified release dosage forms. However, for
some modified products that exhibit multiphasic pharmacokinetic behavior which
is clinically important and meaningful, the traditional metrics of AUC and Cp,x
may not be sufficient to ensure BE. In these cases, AUC and C,,,x may be
equivalent for two products, but the rate or extent of exposure during a clinically
relevant time interval may not be equivalent (Heald 2010). Consequently, an
additional PK metric, such as a pAUC to assess partial exposure, may be necessary
to demonstrate bioequivalence.

Chen proposed to use a pAUC approach for the evaluation of equivalence in the
rate of absorption for immediate-release formulations (Chen 1992; Chen
et al. 2011). For orally administered immediate-release drug products, bioequiva-
lence can generally be demonstrated by measurements of peak and total exposure.
An early exposure measure may be informative on the basis of appropriate clinical
efficacy/safety trials and/or pharmacokinetic/pharmacodynamic studies that call for
better control of drug absorption into the systemic circulation (e.g., to ensure rapid
onset of an analgesic effect or to avoid an excessive hypotensive action of an
antihypertensive). Although the FDA general BA/BE guidance recommended the
use of partial AUC as an early exposure measure, it was rarely used (FDA 2003a).

In 2011 and 2012, the FDA implemented the use of pAUC for the determination
of bioequivalence of zolpidem extended-release tablets and methylphenidate
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hydrochloride extended-release capsules and tablets (FDA 2011c, 2012c).
Pharmacokinetic/pharmacodynamic  relationship is the foundation for
recommending use of pAUC for these products. Modeling and simulation studies
were performed to aid in understanding the need for pAUC measures and also the
proper pAUC truncation times (Lionberger et al. 2012; Stier et al. 2012; Fourie
Zirkelbach et al. 2013).

The choice of truncation of the area under the curve is most appropriately based
on PK/PD relationship or efficacy/safety data for the drug under examination.
When PK/PD relationship is lacking, the selection of the truncation point for
pAUCs is challenging. When pAUC is highly variable, the reference-scaling
approach can be employed for bioequivalence evaluation.

1.4.5 Bioequivalence for Locally Acting
Gastrointestinal Drugs

The function of locally acting gastrointestinal (GI) drug products is to deliver active
ingredients directly to the site of action in the GI tract, which allows the intended
therapeutic effect to occur without entering the systemic circulation as shown in
Fig. 1.3.

While local delivery is excellent from a therapeutic effect standpoint, it presents
challenges when attempting to evaluate bioequivalence using standard techniques.
Some locally acting GI drugs such as mesalamine are permeable to the intestinal
membrane and can enter the systemic circulation while others such as vancomycin
hydrochloride are not as permeable and have very low systemic availability (Zhang
et al. 2013). There is a strong possibility that systemic exposure may not be directly
correlated to the local concentration of the drug in the GI tract. In order to confirm
bioequivalence, a selection of BE methods are often used depending on consider-
ations of various factors, such as mechanism of drug delivery, mechanism of drug



1 Bioequivalence History

17

Table 1.3 Examples of locally acting GI drug products and respective BE methods (Lionberger
2004, 2008; Yu 2008)

Product category

Bioequivalence methods

Example drug/Drug product

Insoluble binding
agents

High solubility
immediate
release dosage
forms

Low solubility
immediate
release dosage
forms

Modified release
dosage forms

In vitro disintegration and binding
assay

In vitro dissolution + studies to show
that any difference in formulation
does not affect the safety and
efficacy of drug product

In vivo PK, in vivo PD, or clinical
studies or combination of two
methods

In vitro dissolution, in vivo PK or
in vivo PD, or clinical studies, or

Cholestyramine (FDA 2012a); Lan-
thanum carbonate (FDA 2011a);
Calcium acetate (FDA 2009b);
Sevelamer (FDA 2011b)

Vancomycin HCI oral capsules
(FDA 2008a); Acarbose tablets
(FDA 2009a)

Rifaximin capsules (FDA 2012d);
Lubiprostone capsules (FDA
2010b)

Mesalamine ER and DR products
(FDA 2012b)

combination of two methods

release, systemic absorption of the drug, drug physiochemical properties, and study
feasibility.

It is currently recommended that bioequivalence methods for mesalamine
include in vitro dissolution studies as well as in vivo BE studies with PK endpoints
(Zhang et al. 2013). Because mesalamine is well absorbed from the GI tract, it is
likely that the PK profiles obtained may reflect the local availability of the drug. In
vitro dissolution in different solutions will confirm that the release profile is similar
throughout the GI tract. On the other hand, vancomycin HCI is highly soluble and
expected to be solubilized before reaching the site of action in the lower GI tract. As
such, the FDA recommends that in vitro dissolution studies be conducted for the
vancomycin HCI formulations that are quantitatively and qualitatively the same or
an in vivo BE study be conducted with clinical endpoints if formulations are not
quantitatively and qualitatively the same. The same quantitative and qualitative
requirements ensure that there is no excipient interaction on the transport of
vancomycin in vivo. Table 1.3 shows an example of BE methods for some locally
acting gastrointestinal drug products.

It should be noted that if there is a safety concern related to systemic exposure or
there are contributions of systemic exposure to efficacy, then the FDA Office of
Generic Drugs (OGD) may recommend a PK study intended to demonstrate
equivalent systemic exposure, in addition to any other study requested to demon-
strate equivalent local delivery (FDA 2008b).

Detail discussions of locally acting GI drug bioequivalence will be presented in a
subsequent chapter.
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1.4.6 Bioequivalence for Nasal and Inhalation Products

1.4.6.1 Bioequivalence for Nasal Sprays for Local Action

Nasal spray products deliver drug to the nasal cavity by spraying a metered dose of
the active ingredient that is dissolved or suspended in solutions or mixtures of
excipients in nonpressurized or pressurized dispensers. Because of the delivery
form and the target site of activity, the bioequivalence of locally acting nasal drug
products is currently not believed to be evaluable via traditional bioequivalence
methods used for systemically targeted drug products (i.e., blood plasma). For
solution formulations of locally acting nasal drug products, the bioequivalence
standard is based on the premise that in vitro studies would be more sensitive
indicators of drug delivery to nasal sites of action than clinical studies (FDA 2003b)
and there is no local in vivo drug dissolution step that might lead to differences in
local bioavailability. The following in vitro tests can demonstrate equivalent
product performance if there is formulation sameness and device comparability
between test and reference products (Li et al. 2013):

. Single actuation content through container life
. Droplet size distribution (by laser diffraction)

. Drug in small particles/droplet size distribution
. Spray pattern

. Plume geometry

. Priming and repriming

AN AW

In the case of formulation sameness, the inactive ingredient of the test and
reference formulations must be qualitatively and quantitatively the same. Device
comparability defines that the dimensions of all critical components that are
involved in the dispensing of the formulation is comparable.

For suspension formulations, due to the presence of in vivo local dissolution of
solid drug particles, the FDA’s bioequivalence requirements are based on weight-
of-evidence which includes the six in vitro tests as well as the following two in vivo
studies (Li et al. 2013):

1. A clinical endpoint (PD) study to ensure equivalent delivery of drug substance to
nasal sites of action.

2. A PK endpoint study to establish equivalence of systemic exposure and potential
systemic toxicity of the drug.

The addition of in vivo bioequivalence testing for suspension formulations stems
from the current inability of particle sizing technologies to adequately distinguish
between the active ingredient and suspending agent. The result is a potential
difference of the active ingredient’s particle size distribution (PSD) between two
formulations. Different particle size of drugs in different products could result in
distinctive rate and extent of local in vivo dissolution, leading to different bioavail-
ability/clinical results. Because of this concern, in vivo BE testing is needed for
suspension formulations.



1 Bioequivalence History 19

Fig. 1.4 The aggregate-
weight-of-evidence
approach for establishing
bioequivalence of dry
powder inhalers

Comparative
Pharmacokinetic
Studies

Comparative
In Vitro Studies

Comparative
Clinical Endpoint Studies

Bioequivalence

[ Device and Formulation Des-gn]

1.4.6.2 Bioequivalence for Locally Acting Orally Inhaled
Drugs Products

Similar to locally acting nasal spray suspensions, locally acting orally inhaled drug
products do not depend on systemic circulation for drug delivery and intended
action. As such, bioequivalence for products such as dry powder inhalers (DPI) is
established based on an aggregate weight of evidence approach that includes
in vitro studies to demonstrate comparative in vitro performance, pharmacokinetic
or pharmacodynamic studies to establish equivalence of systemic exposure, and
pharmacodynamics or clinical endpoint studies to demonstrate equivalence in local
action (Lee et al. 2009), as shown in Fig. 1.4.

Evaluation of formulation and device are considered to ensure bioequivalence.
Because excipients can influence performance, such as the addition of magnesium
stearate to drug-lactose mixture to improve particle deagglomeration, it is generally
recommended that the qualitative and quantitative formulation aspects between test
and reference products remain the same (within £5 %). Pharmaceutical develop-
ment data, involving in vitro testing of multiple drug-to-excipient ratios that
encompass combinations below and above the ratios used in the test and reference
products are needed to justify a test product formulation that is quantitatively
different from the reference product. Likewise, although there are several types
of DPI dosing systems (premetered single-dose units, drug reservoir (device
metered), and premetered multiple dose units), it is recommended that the generic
product device’s mechanism of function remain the same as that of the reference
product. Furthermore, the generic product device itself should maintain a similar
shape to ensure equivalence and decrease patient confusion when a generic product
is substituted (Chrystyn 2007; Molimard et al. 2003).

Because in vitro testing is less variable and more sensitive to differences in
bioequivalence, the following tests can be conducted to detect differences in test
and reference products (FDA 2013b):

1. Single inhalation content at different flow rates
2. PSD at different flow rates
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Although similar to the locally acting gastrointestinal drug products in that
systemic circulation occurs after delivery to the local site, the drug moieties
detected from systemic circulation for locally acting orally inhaled products include
drugs from potentially multiple sites including the lung, buccal, and GI tract areas.
Therefore, a systemic BE study is recommended to ensure equivalent systemic
exposure of generic and reference drugs (Adams et al. 2010).

An additional part of the bioequivalence approach for demonstrating equiva-
lence for locally inhalation products is the pharmacodynamics or clinical endpoint
study. An example of a typical measurement is the Forced Expiratory Volume in 1 s
(FEV1) which is the maximal amount of air an individual can exhale in 1 s.

1.4.7 Bioequivalence for Liposomal Products

A liposome is an artificially prepared vesicle comprises a lipid bilayer shell and an
inner core of aqueous compartment. The drug substance may be encapsulated in the
lipid bilayer or inner core. Liposome drug products may be designed to release drug
to a particular target tissue, or to act as a parenteral dosage form for sustained
release in systemic circulation. Due to the engineered properties, these nanoparticle
drug products have altered pharmacokinetic and pharmacodynamics profiles. The
success of liposome use as a drug carrier has been reflected in a number of
liposome-based products which are commercially available or currently undergoing
clinical trials. The first liposome drug product Doxil, a PEGylated liposome
formulation of doxorubicin HCI shown in Fig. 1.5, was approved by the FDA in
1995.

Liposomes such as Doxil can be biocompatible, biodegradable, and locally
targeting. They can also avoid in vivo clearance by various mechanisms such as
reticuloendothelial systems, renal clearance, and chemical or enzymatic inactiva-
tion (Scott 2008). Although the expected clinical behavior can be ideal, these
liposomes are designed to exploit the enhanced permeability properties at the tissue
site, and thus traditional bioequivalence methods such as pharmacokinetic mea-
surements of systemic exposure alone may not be indicative of equivalent drug
concentrations in the targeted tumor tissues. No direct correlations between plasma
and target tissue concentrations have been established so far. As such, bioequiva-
lence to Doxil can be demonstrated based on the following in vivo and in vitro tests
recommended by FDA (FDA 2010a):

¢ Same drug product composition

e Same active loading process with an ammonium sulfate gradient

¢ Equivalent in vitro liposome characteristics including liposome composition,
state of encapsulated drug, internal environment of liposome, liposome size
distribution, number of lamellar, grafted PEG at the liposome surface, electrical
surface potential or charge, and in vitro leakage

» Equivalent in vivo plasma pharmacokinetics of free and encapsulated drug
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Fig. 1.5 Representation of a PEGylated liposomal doxorubicin (Jiang et al. 2011)

Requiring the same drug product composition, qualitatively and quantitatively,
ensures that test and reference products use the same amounts of the same excip-
ients. Requiring the same active loading manufacturing process with an ammonium
sulfate gradient ensures equivalent contents within the liposome. Equivalent lipo-
some size distribution and pharmacokinetics ensures equivalence in the mononu-
clear phagocyte system avoidance, long half-life, and liposome tumor distribution.
Table 1.4 lists some of the proposed methods for evaluating in vitro leakage as well
as the corresponding justification.

Once equivalent liposome distribution in target tissues is reached, equivalent
in vivo pharmacokinetics and in vitro liposome characteristics will ensure equiva-
lent drug delivery into cells. For example, the characterization of liposome surface
chemistry can be used to assess liposome—cell interactions involved in liposome
fusion or uptake mechanisms by tumor cells. In addition, equivalence in liposome
internal environment, size distribution, state of encapsulated doxorubicin, and drug
leakage can ensure equivalent drug leakage around tumor tissues or inside tumor
cell endosomes or lysosomes. Plasma pharmacokinetics of free drug also accounts
for drug release from liposomes.

Detail discussions of liposome product bioequivalence will be presented in a
subsequent chapter.



22 A. Yuet al.

Table 1.4 Proposed in vitro leakage evaluation conditions and their justification (Jiang
et al. 2011)

In vitro drug leakage condition ~ Purpose Rationale
At 37 °C in 50 % human plasma Evaluate liposome stability Plasma mostly mimics blood
for 24 h in blood circulation conditions
At 37 °C with pH values 5.5, 6.5, Mimic drug release in nor- Normal tissues: pH 7.3
and 7.5 for 24 h in buffer mal tissues, around Cancer tissues: pH 6.6
cancer cells, or inside Insider cancer cells (endosomes
cancer cells and lysosomes): pH 5-6

(endosome and lysosomes of
cancer cells may be involved
in liposome uptake and
induce drug release)

At a range of temperatures Evaluate the lipid bilayer =~ The Tm of lipids is determined
(43,47, 52, and 57 °C) in integrity by lipid bilayer properties
pH 6.5 buffer for up to 12 h or such as rigidity, stiffness, and
until complete release chemical composition. Dif-

ferences in release as a func-
tion of temperature (below or
above Tm) will reflect small

differences in lipid properties

At 37 °C under low-frequency  Evaluate the state of Low-frequency ultrasound
(20 kHz) ultrasound for 2 h or encapsulated drug in the (20 kHz) disrupts the lipid
until complete release liposome bilayer via a transient intro-

duction of pore-like defects
and will render the release of
doxorubicin controlled by the
dissolution of the gel inside
the liposome

Tm Phase-transition-temperature

1.5 Future Development

While the development of bioequivalence concept and standards, as well as its
subsequent rise to become the regulatory requirement has made a monumental
impact since the 1970s, there are still many unanswered questions in the field. For
example, the current bioequivalence methods for many locally acting products use
clinical endpoints for determination. The overall qualification and assessment of
these endpoints may be lacking in sensitivity and need to be reevaluated. Similarly,
questions have been raised regarding the sensitivity of in vitro testing for BE
assessments, and how to develop better in vitro methods for implementation to
improve BE standards. The benefits of in vitro testing, modeling, and simulation are
enormous, but further investigations are needed to study the sensitivity, reliability,
and correlation to clinical significance of these methods. For controlled release
dosage forms such as monthly doses, the question is how the bioequivalence should
be assessed for these dosage forms since it takes a long time to complete an in vivo
study. These are only some of the questions that need to be answered to stimulate
future improvements in bioequivalence methodology.
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Chapter 2
Fundamentals of Bioequivalence

Mei-Ling Chen

2.1 Definition of Bioavailability and Bioequivalence

The US regulatory requirements for bioavailability (BA) and bioequivalence
(BE) studies in drug applications originated from a report issued by the Congres-
sional Office of Technology Assessment in 1974. Many recommendations in this
report were adopted by the US Food and Drug Administration (FDA) and subse-
quently became the BA/BE regulations in 1977 (FDA 2013a). Statutory definitions
for BA and BE are both expressed in terms of rate and extent of absorption, and thus
they are interrelated to each other. Specifically, BA is defined in the regulations as
“the rate and extent to which the active ingredient or active moiety is absorbed from
a drug product and becomes available at the site of action” (FDA 2013a). Similarly,
BE is defined as “the absence of a significant difference in the rate and extent to
which the active ingredient or active moiety in pharmaceutical equivalents or
pharmaceutical alternatives becomes available at the site of drug action when
administered at the same molar dose under similar conditions in an appropriately
designed study” (FDA 2013a). Both definitions describe the processes by which the
drug substance is released from a dosage form followed by absorption and distri-
bution to the site of action. As a result, similar approaches such as developing a
systemic exposure profile by monitoring drug concentrations in plasma or serum
over time have generally been applied to measure BA and demonstrate BE in drug
applications.

The only difference between BA and BE definitions lies in the study goals, hence
the study designs and statistical analysis of study outcome. BA studies can be
employed to assess the pharmacokinetics and performance of a drug product related
to the absorption, distribution, and elimination of the drug in vivo. In contrast, BE
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studies are primarily utilized for formulation comparisons, and thus data analysis
focuses on the release of active ingredient (or moiety) from the drug product and
subsequent absorption into the systemic circulation. Establishing BA is a
benchmarking effort for drug products with a new molecular entity (NME), while
demonstrating BE is a formal test that compares BA of various formulations with
the same drug substance in the same dosage form, using specified criteria and
acceptance limits for BE comparisons.

It is noteworthy that in the regulatory setting, BE can be established between
drug products that are either pharmaceutical equivalents or pharmaceutical alter-
natives (Orange Book 2013). Drug products are considered as pharmaceutical
equivalents when they are in identical dosage forms and contain identical amounts
of the identical active drug ingredient. These products do not necessarily contain
the same inactive ingredients (i.e., excipients) and they may differ in characteristics
such as shape, scoring configuration, release mechanisms, packaging, expiration
time, and within certain limits, labeling. In contrast, pharmaceutical alternatives
contain identical therapeutic moiety (or its precursor) but not necessarily in the
same amount or dosage form or as the same salt or ester. Based on the Drug Price
Competition and Patent Term Restoration Act of 1984 (Hatch-Waxman Act),
evidence of pharmaceutical equivalence and bioequivalence provides the assurance
of therapeutic equivalence, hence interchangeability between a generic product and
its innovator counterpart (Orange Book 2013).

2.2 Application of Bioavailability and Bioequivalence
Studies

BA/BE information is deemed important in the drug development and for regula-
tory approval of pharmaceutical products (FDA 2003a). BA and/or BE studies are
required in support of drug applications, including Investigational New Drug
Applications (INDs), New Drug Applications (NDAs), Abbreviated New Drug
Applications (ANDAs), and their amendments and supplements.

During the IND and NDA period, appropriately designed BA studies are neces-
sary to assess performance of the drug product(s) used in clinical trials that provides
evidence of safety and efficacy. As described earlier, BA studies can furnish
pharmacokinetic information related to drug absorption, distribution, and elimina-
tion in vivo. BA studies can also be used to achieve many other objectives such as
estimating fraction of dose absorbed from an orally administered drug product,
providing information on dose proportionality and linearity in pharmacokinetics,
and investigating the effect of various intrinsic/extrinsic factors on the pharmaco-
kinetics of the drug under examination. For orally administered drug products with
an NME, absolute BA is obtained by comparison to an intravenous dose, while
relative BA can be accomplished by comparisons to an oral solution, oral suspen-
sion, or other formulation.
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On the other hand, BE studies are often used as a bridging tool to support
evidence for safety and efficacy between two drug products. During the IND and
NDA period, BE studies can be utilized to provide links among formulations used
in different phases of clinical trials, as well as to establish links between formula-
tions used in stability studies and clinical trials. In addition, BE studies are critical
to the approval of ANDAs. Manufacturers seeking approval to market a generic
drug product must submit an ANDA, demonstrating that the drug product is both
pharmaceutically equivalent and bioequivalent to the Reference Listed Drug (RLD,
i.e., innovator product). Documentation of BE is also essential to ensure product
quality throughout the shelf life of a drug product whenever changes occur in the
manufacturing or formulation, which applies to both new and generic drug prod-
ucts. Depending on the level of changes, BE may be established through compar-
ative in vivo or in vitro studies between products before and after change (FDA
2003a).

2.3 Approaches for Establishment of Bioequivalence

Based on the statutory definition of BE, several in vivo and in vitro methods can be
employed for BE establishment. Nonetheless, the US FDA requires that drug
applicants conduct BE testing using the most accurate, sensitive, and reproducible
approach (FDA 2013b). Hence, in descending order of preference, the following
methods have been recommended for BE documentation (FDA 2013b):

(a) Comparative pharmacokinetic studies

(b) Comparative pharmacodynamic studies

(c) Comparative clinical trials

(d) Comparative in vitro tests

(e) Any other approach deemed adequate by FDA

Experiences thus far have revealed that comparative pharmacokinetic studies are
mostly used for BE demonstration of systemically absorbed drug products while
pharmacodynamic studies and clinical trials are generally employed for locally
acting drug products. Historically, in vitro tests alone are rarely utilized for the
purpose of BE establishment. However, with the recent advances in modern science
and technology, comparative in vitro studies have started to take on an added
importance for BE demonstration of certain drug products (see Sect. 2.3.4).

2.3.1 Comparative Pharmacokinetic Studies

As indicated earlier, for systemically acting drug products, demonstration of BE
between a test (T) and reference (R) product can be achieved by the conduct of
comparative pharmacokinetic studies. These studies are generally performed with a
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limited number of healthy volunteers, e.g., 24-36 subjects (FDA 2003a). Most
studies have a two-sequence, two-period, crossover design where each subject is
randomly assigned to either sequence TR or RT with an adequate washout interval
between the two treatment periods (FDA 2003a). Derived from the plasma or serum
concentration—time profile, the rate of drug absorption is commonly expressed by
maximum concentration (Cp,,x) and time to maximum concentration (7p,.y)
whereas the extent of absorption is expressed by the area-under-the-curve from
time zero after drug administration to time infinity (AUC,..) and/or to the last
quantifiable drug concentration (AUC;). AUC, may be calculated using the simple
trapezoidal rule (Gibaldi and Perier 1982) while AUC,, can be estimated by
summing up AUC; and C,/Az where C, is the last quantifiable concentration and Az
is the terminal rate constant.

With the exception of T, parameter, both AUCs and C,,,, are statistically
analyzed using the two one-sided tests procedure to determine if the average values
between the T and R products are comparable (Schuirmann 1987). These compar-
isons require the calculation of a 90 % confidence interval for the geometric mean
ratios of the T and R products. BE is generally declared if the 90 % confidence
interval is within the BE limit of 80.00-125.00 % (FDA 2003a). However, the BE
limits for highly variable drugs and narrow therapeutic index drugs have been
scaled to the intrasubject variability of the reference product in the study (Davit
etal. 2012; FDA 2011c, 2012b). To obtain geometric means, the data of AUCs and
Cmax are log-transformed prior to conducting an analysis of variance (ANOVA),
then back-transformed before calculating the T/R ratio (Davit et al. 2009). Cur-
rently, statistical comparison is not performed for T}, values due to the lack of an
appropriate method for this discrete variable (Chen et al. 2001; Davit et al. 2009;
Nightingale and Morrison 1987). However, if there is any notable difference in a
BE study, consultation on the clinical relevance is sought with medical officers in
the FDA.

Since systemic exposure of locally acting drug products may entail a risk of
systemic adverse reactions, a comparative pharmacokinetic study is globally
required for these products to ensure that systemic drug exposure for the T product
is similar to the R product (Chen et al. 2011a). The BE limits of 80—125 % (based on
90 % confidence interval) can be applied to these studies.

2.3.1.1 Measures of Systemic Exposure

Despite the US regulations that dictate the reliance of rate and extent of drug
absorption for BA/BE determination, there have been concerns regarding the use
of C,,ax for assessment of absorption rate in BA/BE studies (Chen et al. 2001; FDA
2003a). For example, C,, is insensitive to changes in rate of input as generally
expressed by a rate constant (ka). Cp.x 1S not a pure measure of absorption rate
since it is confounded with the distribution (and perhaps elimination) of the drug. In
addition, determination of C,,,x depends substantially on the sampling schedule and
thus this parameter may not be accurate. In recent years, recognizing that systemic
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exposure is the key to the efficacy/safety of a drug and that there are multiple
challenges inherent in identifying an appropriate pharmacokinetic measure to
express both rate and exposure, the US FDA has recommended a change in focus
from the measures of “absorption rate and extent” to measures of “systemic
exposure” for BA and BE studies (FDA 2003a).

Systematic exposure measures can be used for drugs that achieve therapeutic
effects after entry into the systemic circulation. In the FDA Guidance (2003a), these
measures are defined relative to the total, peak, and early portions of the plasma/
serum profile, which encompasses total exposure (AUC, or AUC,), peak exposure
(Cmax), and early exposure (partial AUC to the median Ty, of the R product),
respectively. In most cases, systemic exposure measures include AUC, (or AUC,)
and C,,x. Nonetheless, early exposure may be needed in some cases where a better
control of the drug input rate is essential for achieving therapeutic effects or
circumventing adverse reactions. Notably, these recommendations do not propose
a statutory change, given that the conventional measures including C,,x and AUC
are still used for regulatory determination of BA/BE. More importantly, however, is
the conceptual change and understanding that systemic exposure measures based on
a concentration—time profile relate directly to efficacy and safety outcomes
expressed by therapeutic effects or adverse reactions.

2.3.1.2 Measures of Partial Exposure

For immediate-release drug products, consideration of early exposure is needed
when the control of drug input rate is critical to achieve a rapid onset of action such
as analgesic effect, or avoid a toxic side effect such as hypotensive action from an
antihypertensive (FDA 2003a). This notion is unequivocally applicable to
modified-release drug products where an appropriate input rate of the drug is
necessary to warrant the efficacy and safety profile in the patient (Chen
et al. 2011b). In addition to the early exposure measure, the concept of “partial
exposure” has recently been expanded to include “late exposure” and any segment
of AUC with appropriate cutoff points for better PK/PD characterization and
BA/BE assessment. This is exemplified by multiphasic, modified-release drug
products that combine both immediate- and extended-release components in a
formulation to achieve a quick onset of action as well as a sustained response
from the drug afterwards (Chen et al. 2011b; Lionberger et al. 2012; Stier
et al. 2012).

Methylphenidate HCI extended-release product is an example for the application
of partial AUC measures in establishing BE between an innovator product and its
generic versions. Currently, there are three distinct innovator products of extended-
release methylphenidate on the market, including a tablet form (Concerta™) and two
capsule forms (Ritalin LA® and Metadate CD®). Each product has its unique
PK/PD relationship and thus the cutoff for partial AUC may be different from
product to product. However, the general principles apply to all three products. For
example, the drug labeling of Concerta® indicates that this is an extended-release
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formulation of methylphenidate with a bimodal release profile. Each Concerta™

tablet comprises an immediate-release component and an extended-release compo-
nent, thus providing an instant release followed by sustained release of methylphe-
nidate. Therefore, it is a multiphasic modified-release formulation designed to
release a bolus of the drug with a slower drug delivery later in the day. The clinical
studies showed a statistically significant improvement in behavioral assessment
scores throughout the day for Concerta® Tablet relative to placebo, following
administration of a single morning dose.

In view of the fact that Concerta™ Tablet is designed to achieve both rapid onset
of action and sustained activity throughout the day, the US FDA has proposed two
additional partial AUC metrics for BE demonstration (FDA 2011a). The first partial
AUC metric provides assurance that a T and R product will be therapeutically
equivalent over the early part of the daily dosing interval, corresponding to the
onset of response. The second partial AUC metric ensures that the two products in
comparison will be therapeutically equivalent over the later part of the daily dosing
interval, corresponding to the duration of the sustained response.

The cutoff point for the first partial AUC metric has been determined using the
estimate of Ty,,x for the immediate-release component of Concerta® Tablet. Since
the Tp,.x values of this formulation is 2 £ 0.5 h in a fasting study and 3+0.5hina
fed study and it is believed that 95 % of observations would fall within two standard
deviations of the mean, the cutoff of early partial AUC metric for BE determination
was set to be 3 h and 4 h for the fasting and fed study, respectively. Based on the
cutoff of the first partial AUC metric, the second partial AUC metric was then
determined to be AUC;_, and AUC,_, for the respective fasting and fed BE study.

2.3.2 Comparative Pharmacodynamic Studies

The use of pharmacodynamic or clinical endpoints for BE demonstration is not
recommended for a drug product when the drug is absorbed into the systemic
circulation and pharmacokinetic approach can be used to assess systemic exposure
for BE evaluation (FDA 2003a). However, in those instances where a pharmaco-
kinetic approach is not possible, determination of BE may be achieved using
suitably validated pharmacodynamic or clinical endpoints (FDA 2003a). This can
occur to most locally acting drug products and some systemically acting drug
products for which drug levels are too low to be measured in biological fluid or
there is a safety concern for using the pharmacokinetic approach to assess BE. For
locally acting drug products, another reason for not using pharmacokinetic
approach to demonstrating BE lies in the fact that drug concentrations in the
systemic circulation following administration of these products may not reflect
the availability of the drug at the site of action although certain locally acting
products are designed for systemic absorption (FDA 2003b). In addition, systemic
absorption of some locally acting drug products may have an impact on the safety
profile of the product.
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2.3.2.1 Dose-Response Relationship

An essential component of BE studies based on a pharmacodynamic response is the
documentation of a dose—response relationship (FDA 1995a; Holford and Sheiner
1981). Pharmacodynamic endpoints selected for BE studies are required to have the
capacity of detecting potential differences between the test and reference products.
This can be ascertained by a pilot study that demonstrates the existence of a clear
dose—response relationship, which should be done before the conduct of pivotal BE
studies (FDA 1995a). Depending on the drugs, the dose-response curve may be
linear, nonlinear, steep, or shallow. A shallow dose—response curve may not allow
for detection of potential formulation differences between products. Linearity may
be obtained in some cases when the dose is expressed on logarithmic scale. For
many drugs, however, the dose-response relationship based on a pharmacodynamic
endpoint is nonlinear and can be fitted to a hyperbolic E,,.x model as follows
(Holford and Sheiner 1981):

E=Ey+om D
EDso + D
where E is the estimated (fitted) value of pharmacodynamic response, Eg is the
baseline pharmacodynamic effect, E,,, is the maximum pharmacodynamic effect,
and EDs is the dose where the pharmacodynamic effect is half-maximal.
Statistical analysis of BE studies using pharmacokinetic measures has been
performed with the two one-sided tests procedure (Schuirmann 1987). This proce-
dure, however, would not be appropriate for analysis of a pharmacodynamic
endpoint if the dose-response relationship is nonlinear. To circumvent this prob-
lem, the US FDA has introduced a “dose-scale” approach where BE is determined
based on the projected equivalent dose of the test product in lieu of the pharmaco-
dynamic effect on the dose-response curve (Gillespie 1996; FDA 2010a, 2013c).
Specifically, pharmacodynamic responses of the test and reference products deter-
mined in the BE study may be converted to estimates of delivered dose of the test
and reference products by using the “dose-scale”” method. The benefits of the “dose-
scale” approach to BE assessment arise from the translation of nonlinear pharma-
codynamic measurements to linear dose measurements.

2.3.2.2 Sensitivity of Pharmacodynamic Measures

The curvilinear dose-response relationship for pharmacodynamic measures
may depend on a number of factors, including the mechanism of drug action
and potency, pharmacodynamic measure, study population, and severity of the
underlying disease. Therefore, conduct of pharmacodynamic studies warrants
careful considerations of screening appropriate subjects for the BE study so that
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the likelihood of obtaining discernible response is enhanced (FDA 1995a, 2003b).
The doses used in the BE study should be situated in the discriminative region of
the dose—response curve, so lower doses are usually recommended for the study
(FDA 1995a, 2003b). The basic pharmacodynamic study design for BE determina-
tion may include two doses of the reference product. Additional doses can be
used to enhance precision in the estimated values. In the case of topical drug
products, different doses are normally made by varying the duration of application
when there is only one dose strength available for the product (FDA 1995a). For
nasal/inhalation products, different doses may be given by single actuation from
one or more products. However, multiple strengths are usually available for solid
oral dosage forms. In general, a pilot study is first conducted using the reference
product to determine the most sensitive dose for the pivotal BE study.

2.3.2.3 Examples of Pharmacodynamic Endpoints

The choice of pharmacodynamic endpoints for a drug product depends on the
mechanism of drug action. For example, topical dermatologic corticosteroid prod-
ucts along with the comparators can be tested for BE using a vasoconstrictor assay
to quantify the “topical bioavailability” between formulations (FDA 1995a). This
pharmacodynamic approach is based on the property of corticosteroids to produce
blanching or vasoconstriction in the microvasculature of the skin, which presum-
ably relates to the amount of the drug entering the skin. The assay is sometimes
referred to as the Stoughton—-McKenzie test, vasoconstrictor assay, or skin
blanching assay (Stoughton 1992). For most topical drug products, however,
comparative clinical trials have been employed to determine BE due to the lack
of appropriate pharmacodynamic measures.

Inhalation aerosols represent another example for which pharmacodynamic
endpoints are used to evaluate BE. A case in point is short-acting beta-agonists
(e.g., albuterol) that are indicated for prevention and treatment of bronchospasm in
asthmatic patients. Based on the mechanism of action, pharmacodynamic effects of
these drug products are measured in terms of bronchodilation or prevention of
experimentally induced bronchoconstriction (FDA 2013c). The most commonly
used measure of bronchodilation is an increase in forced expiratory volume within
one second (FEV). In this case, bronchoprovocation with methacholine challenge
has been employed to compare the protective effects of beta agonists through the
estimation of provocative dose (PD,() or concentration (PC,g) that produces a 20 %
decrease in FEV (FDA 2013c¢).

Many inhalation drug products combine a drug(s) and device in the dosage form.
Because of the complexity of these dosage forms, establishment of BE by the US
FDA has been based on an “aggregate weight of evidence” approach that utilizes
(a) pharmacodynamic or clinical endpoint studies to demonstrate equivalence in
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local action, (b) pharmacokinetic studies to ensure minimal systemic exposure, and
(c) a battery of in vitro studies to support equivalent performance of the device
(FDA 2003b).

2.3.3 Comparative Clinical Trials

Clinical responses are often located near or at the plateau of the dose-response
curve, thus insensitive to distinguish the therapeutic difference between a test and
reference formulation (FDA 2003b). As a result, conduct of these studies for BE
assessment requires a large number of patients to detect formulation differences.
Demonstration of dose-response relationships is not required for clinical BE
studies since they are intended only to confirm the lack of important clinical
differences between products in comparison. Because of all the reasons mentioned
above, BE studies using clinical endpoints will be considered only when both
pharmacokinetic and pharmacodynamic approaches are impossible for BE
determination.

Several FDA guidance documents for industry are available on the application of
clinical approaches to document BE for topical drug products (FDA 2010b).
Typically, a randomized, double-blind, placebo-controlled, parallel group study is
required. However, placebo treatments are not needed for drugs treating infectious
diseases. BE is established if the T product is equivalent to the R product and
superior to the placebo treatment. In the case of nasal sprays for local action, the US
FDA may waive the in vivo BE studies for solution-based products as BA/BE is
self-evident for these products. However, such testing is required for suspension-
based nasal sprays due to the lack of a suitable method for particle size determina-
tion in suspension formulations (FDA 2003b). Moreover, in vivo BE testing cannot
be exempted for nasal solutions in metered dose devices because they are drug-
device combination products (FDA 2013c). For establishment of equivalence in
local delivery of suspension-based nasal sprays, the US FDA has recommended
clinical trials in seasonal allergic rhinitis patients. The study design is a random-
ized, double-blind, placebo-controlled, parallel group of 14-day duration. The
clinical endpoints for equivalence and efficacy analyses are patient self-rated
mean total nasal symptom scores.

In general, for drug products that BE determination is made on the basis of
pharmacodynamic or clinical endpoints, measurement of the active ingredients, or
active moieties in an accessible biological fluid (i.e., pharmacokinetic approach) is
necessary to ensure comparable systemic exposure (albeit minimal) between the
T and R product (FDA 2003b). However, for some locally acting drug products,
such pharmacokinetic studies may be limited by the labeled maximum dose, drug
bioavailability, and sensitivity of the bioassay used. In such circumstances, phar-
macodynamic or clinical studies could be used to document comparable systemic
effects of these drug products.
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2.3.4 Comparative In Vitro Studies

Traditionally, in vitro studies are seldom used alone for BE determination except
with some special cases where (1) the drug of interest was approved before 1962
and was determined to be a nonbioproblem drug, or (2) scientific evidences have
shown that in vitro test data are correlated with in vivo results (FDA 1997a). Over
the decades, however, the evolution in pharmaceutical science and technology
may have provided opportunities for relying more on in vitro tests to support BE
demonstration. Indeed, this can be exemplified by the recent application of a
Biopharmaceutics Classification System (BCS) that classifies drugs based on their
biopharmaceutical attributes and predicts BA/BE of the drug products in an
immediate-release dosage form. In this case, biowaiver can be granted for a
BCS Class I (highly soluble and highly permeable) drug formulated in a rapidly
dissolving, immediate-release drug product (FDA 2000). Apart from the enhanced
role for in vitro dissolution/release testing, the FDA guidance on BCS has
indicated certain in vitro approaches (such as in vitro epithelial cell culture
methods) that can be used to determine the permeability class of individual
drugs (FDA 2000).

2.3.4.1 In Vitro Dissolution/Release Testing

Dissolution/release testing is the most commonly used in vitro method for BE
assessment. Although in vitro dissolution/release testing has seldom been used
alone as a tool for BE demonstration, dissolution/release information along with
the in vivo study data is routinely submitted by drug sponsors for BE documentation
of orally administered drug products (FDA 2003a). Dissolution/release data have
often been employed to substantiate BE when there is a minor change to formula-
tion or manufacturing (FDA 1995b, ¢, 1997a, b, 2003a). In addition, in vitro
dissolution/release data are utilized to support waiver of BA/BE studies for lower
strengths of a drug product, provided that an acceptable in vivo study has been
conducted for a higher strength and compositions of these strengths are proportion-
ally similar (FDA 2003a). Together with the use of BCS, in vitro dissolution/release
testing has played an increasingly important role in the regulatory determination as
to whether the waiver of in vivo BE studies can be granted for an immediate-release
drug product (FDA 2000).

In the regulatory arena, to serve as an indicator for BE, an in vitro dissolution/
release test should be correlated with and predicative of in vivo BA (FDA 1995c,
2003a). In this setting, the in vitro dissolution/release methodology should be
optimized to closely mimic the physiological environment in vivo. For a drug
product, proper in vitro dissolution/release behavior in the presence of different
formulations with defined in vivo absorption characteristics will be useful
to facilitate the establishment of an in vitro—in vivo correlation (IVIVC)
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(FDA 1995c). The in vitro dissolution/release method developed in such a manner
may be utilized as a surrogate for BA/BE studies when a change occurs in
manufacturing or formulation.

2.3.4.2 Other In Vitro Methods

To date, with the better understanding of pharmaceutical attributes, formulation
characteristics, and mechanism of action, in vitro studies have taken on an added
importance for BE evaluations. A case in point is cholestyramine resin that lowers
cholesterol by sequestering bile acid in the gastrointestinal tract (FDA 2012a). For
these products, the US FDA has recommended the use of both in vitro equilibrium
and in vitro kinetic binding studies of bile acid salts for BE evaluation. The
application of these in vitro assays takes advantage of the mechanism of action
from resin to assess its binding behavior between the innovator and generic
formulation of cholestyramine. Similarly, the Agency has recommended the use
of in vitro dissolution, phosphate equilibrium binding, and phosphate kinetic
binding studies for BE establishment of lanthanum carbonate chewable tablets
(FDA 2011b). Lanthanum is a compound used as a phosphate binder to treat
hyperphosphatemia in patients with kidney disease. Lanthanum works in the acid
environment of the upper gastrointestinal tract by binding dietary phosphate to form
an insoluble complex, which is then eliminated via feces. BE determination with a
pharmacokinetic approach is inappropriate for lanthanum because it has an
extremely low BA (less than 0.002 %) and the site of drug action lies in the
gastrointestinal tract. Likewise, in vitro test methods have been widely used to
support BE determination of other locally acting drug products. For example,
several in vitro test methods are currently used to support BE assessment of nasal
and inhalation products (FDA 2003b). For these products, the key parameters that
can be assessed through in vitro tests may include (a) delivered or emitted dose,
(b) aerodynamic particle size distribution, (c) spray pattern and plume geometry,
and (d) impurities and/or microbial contaminants in formulations and devices
during storage or use.

As indicated earlier, pharmaceutical equivalence plays an integral part of thera-
peutic equivalence between a generic and an innovator product (Orange Book 2013).
For simple dosage forms or drug products, pharmaceutical equivalence can be made
by a qualitative (Q1) and quantitative (Q2) comparison of composition between
formulations. However, this approach may not be sufficient for complex dosage
forms or drug products. Use of comparative in vitro test methods may furnish
additional evidence to support pharmaceutical equivalence of these products. For
instance, the US FDA has suggested the use of a higher level of comparison (Q3) that
examines the arrangement of matter (or microstructure) in drug products to supple-
ment the traditional approach for evaluating pharmaceutical equivalence of topical
drug products (Lionberger 2005). In this case, the in vitro data for Q3 assessment
may include comparisons of physicochemical characteristics as well as in vitro drug
release pattern to show structural similarity between formulations.
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2.4 Design and Conduct of BE Studies

Currently, the US FDA recommends use of (a) a two-period, two-sequence,
two-treatment, single-dose, crossover study design, (b) a single-dose, parallel
study design, or (c) a replicate study design for BE studies (FDA 2001, 2003a).
Several factors may be considered when choosing appropriate designs for a BE
study. For instance, the two-way crossover study design is generally conducted with
healthy subjects for most drug products that release drug into the systemic circu-
lation. In this design, each subject will receive each treatment (T or R product) in
random order as follows:

Period

[t
N

T R
Sequence
R T
For crossover designs, an adequate washout interval is required between the two
periods so that drug level at the beginning of each period is almost zero or
negligible. In contrast, for parallel designs, each treatment will be administered to
a separate group of subjects with similar demographics and no washout period is
needed. Parallel designs are often used for BE studies conducted in patients or for
drugs with a long half-life where crossover studies are difficult or impossible to
perform.
Replicated crossover designs allow for estimation of intrasubject variability of

the T and/or R products using a partial (three-way) or full (four-way) replication of
treatment as shown below.
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For replicate designs, one or both treatments will be administered to the same
subjects on two separate occasions. Replicate design has the advantage of using
fewer subjects to achieve the same statistical power compared to the regular
two-treatment, two-period crossover design. Replicate designs are particularly
useful for highly variable drugs and narrow therapeutic index drugs in that the
BE of these drugs can be assessed using a scaling approach based on the
intrasubject variability of the R product determined from the study (FDA 201 1c,
2012b).

2.4.1 Crossover Versus Parallel Design

Single-dose, crossover designs with a washout period between treatments may not
be employed for BE studies conducted in patients due to ethical concerns. In such
circumstances, parallel designs can be used. Additionally, the crossover design of
BE studies may not be practical for drugs with a long half-life because of two
reasons. First, adequate characterization of the half-life calls for blood sampling
over a long period of time. Secondly, pharmacokinetic principles dictate a washout
interval of more than 5 half-lives of the moieties to be measured, which may last for
several weeks or months for some drugs. In cases where the conduct of a crossover
study is problematic, single-dose parallel designs can be an alternative choice since
the latter do not need a washout period between treatments (FDA 2003a) although
more subjects are necessary to achieve the same statistical power with parallel
designs compared to crossover designs.

Monte Carlo simulations with crossover design studies have demonstrated that
using truncated area (such as AUC,_7, ,) had the power and accuracy equivalent to
those obtained using AUC,_, (sampling up to the last quantifiable concentration)
for a long half-life drug with low intrasubject variability in distribution and
clearance (Kharidia et al. 1999). Similarly, simulations using parallel design studies
for drugs with a half-life of 30 h or more revealed that truncation time range
between 60 and 96 h was most informative for BE determination, and that sampling
beyond 120 h would not affect BE decision (El-tahtawy et al. 2012). It appears that
these simulation results are in agreement with the general belief that completion of
gastrointestinal transit of a solid, oral, immediate-release drug product, and absorp-
tion of its drug substance will occur within approximately 2-3 days after dosing,
regardless of the length of half-life for the drug.

The US FDA has recommended that sample collection be truncated at 72 h for
long half-life drugs (>24 h) in oral solid dosage forms, using either a crossover or
parallel study (FDA 2003a). However, for drugs demonstrating high intrasubject
variability in distribution and/or clearance, AUC truncation cannot be used (FDA
2003a).
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2.4.2 Single Dose Versus Multiple Doses

Several simulations have been conducted to investigate the sensitivity of single-
dose versus multiple-dose studies in detecting formulation differences using a
typical crossover design for BE evaluation. Most simulation results revealed that
single-dose studies are more sensitive than multiple-dose studies to detect rate
differences between a T and R product, which appears to be consistent with the
results found in experimental data. In essence, drugs characterized by low accu-
mulation indices showed virtually no change in the 90 % confidence intervals of
AUC and C,,,x from single-dose to multiple-dose (El-Tahtawy et al. 1994). How-
ever, drugs with higher accumulation indices had smaller confidence interval at
steady state, and thus the probability of failing a BE test is dramatically decreased
upon multiple dosing (El-Tahtawy et al. 1994).

The US FDA has generally recommended single-dose pharmacokinetic studies
for BE demonstration of both immediate- and modified-release products (FDA
2003a). However, steady-state studies may be needed for BE demonstration in
some cases (FDA 2003a). As an example, safety considerations for healthy volun-
teers may suggest the use of patients who are already receiving the medication and it
is possible to establish BE without disrupting the ongoing treatment of a patient
using a steady-state study. This scenario can be illustrated by clozapine, a drug used
to treat the symptoms of schizophrenia (FDA 2005). To demonstrate BE of clozapine
tablets, applicants are requested to conduct a single-dose (100 mg), two-treatment,
two-period crossover study at steady state. In this case, subjects recruited are patients
receiving a stable daily dose of clozapine administered in equally divided doses at
12-hintervals. In addition, patients who are receiving multiples of 100 mg every 12h
can participate in the study of the 100 mg strength by continuing their established
maintenance dose. The US FDA recommends that these studies not be conducted
using healthy subjects because of safety concerns. According to the crossover
randomization schedule, an equal number of patients would receive either the
generic or reference formulation in the same dose as administered prior to the
study every 12 h for 10 days. Patients would then be switched to the other product
for a second period of 10 days. No washout period is necessary between the two
treatment periods since it is a steady-state study. After the study is completed,
patients could be continued on their current dose of clozapine using an approved
clozapine product as prescribed by their clinicians. In all cases where a steady-state
study is indicated, applicants are required to carry out appropriate dosage adminis-
tration and sampling to document the attainment of steady state.

2.4.3 Healthy Subjects Versus Patients

A common practice in conducting pharmacokinetic studies for BE evaluation has
been to recruit healthy subjects with 18 years of age or older, which reflects the
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common interest of having a homogeneous group of individuals to participate in the
study and enhance the likelihood of demonstrating BE. However, recent experi-
ences have revealed that in some instances, albeit rare, there is a lack of subject-to-
subject similarity in the difference between the T and R product, the so-called
subject-by-formulation interaction in statistical term (Hauck et al. 2000). Such
interactions can arise when the products (or formulations) differ in a subgroup
but not in the remaining subjects of the population.

An earlier report on subject-by-formulation interactions may be related to age
(Carter et al. 1993). In this study, one of the generic products had AUC and C\,ax
values 43 and 77 % higher in the elderly than in the young subjects, while the
innovator and another generic product had similar values in the elderly and young.
The cause of this interaction had been attributed to the age-related differences in
pH, gastric emptying, and/or transit time in the gastrointestinal tract between the
two populations. Another example of subject-by-formulation interactions was
found from FDA data base with a drug (calcium-channel blocking agent) in two
modified-release products (Chen 2005). The drug was a substrate of both CYP3A4
and P-gp. The mean ratio of the T over R product was significantly different
between males and females from single-dose and multiple-dose studies, suggesting
the presence of a sex-based, group-by-formulation interaction. The in vitro disso-
lution testing using varying pH media also revealed a pronounced difference in the
dissolution behavior of the two products. Based on these data, the interaction was
postulated to occur because of different pH-dependent in vivo release profiles
between the two products, as well as sex differences in intestinal epithelial drug
metabolism and/or transport. In a recent FDA contract study, an apparent subject-
by-formulation interaction was also found for ranitidine solution in the presence of
a large amount of sorbitol as opposed to sucrose (Chen et al. 2007). A relevant
factor accounting for such an interaction may relate to the unique osmotic effect of
sorbitol on gastrointestinal physiology observed in various subgroups of the general
population (Jain et al. 1985, 1987).

The US FDA currently recommends that in vivo BE studies be conducted in
individuals representative of the general population, taking into account age, sex,
and race (FDA 2003a). The rationale for having healthy volunteers in most BE
studies with pharmacokinetic measures relies on the use of crossover designs where
each subject can serve as his/her own control, and thus the conclusion drawn from
these study results with respect to BE determination is unbiased, regardless of the
populations used. Only under certain circumstances will safety considerations
preclude the use of healthy subjects. In such situations, applicants are generally
advised to enroll targeted patients with stable disease process and treatments for the
duration of the BE study. Depending on the drug characteristics, indications, safety
and/or efficacy profiles, the studies may be conducted with crossover and/or parallel
designs. Using everolimus as an example, 10 mg tablet of this drug may be dosed
once daily for oncology use. Patients who are already receiving everolimus with
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such dosing regimen can continue on the same dose for both periods of the
crossover or parallel study at steady state without disrupting the course of therapy
in the patient (FDA 2012c).

2.4.4 Administered Dose

In the USA, when a drug product is in the same dosage form, but in a different
strength and is proportionally similar in its active and inactive ingredients to the
higher strength product on which BE testing has been conducted, an in vivo BE
demonstration of one or more lower strengths can be waived based on appropriate
dissolution data (FDA 2003a). Hence, the recommended dose used in a BE study is
generally the dose corresponding to the highest marketed strength administered as a
single unit (FDA 2003a). However, at times a lower strength may have to be
administered due to toxicity concerns, as exemplified by clozapine (FDA 2005).
The RLD product of clozapine tablets has five dose strengths (12.5, 25, 50, 100, and
200 mg) available on the market. Yet, the BE study of clozapine has been
recommended to be performed on 100 mg (instead of 200 mg) strength because
of safety considerations. The US FDA has allowed biowaivers for the rest of
strengths (including 200 mg) of clozapine tablets, providing that (a) linear elimi-
nation kinetics has been established over the therapeutic dose range; (b) acceptable
in vivo BE studies on the 100 mg strength; (c) proportional similarity of the
formulations across all strengths; and (d) acceptable in vitro dissolution testing of
all strengths. Similarly, if warranted for analytical reasons, multiple units of the
highest strength can be administered, as long as the total single dose remains within
the labeled dose range and the total dose is safe for administration to the study
subjects.

For an in vivo BE study, the US FDA has recommended that the assayed drug
content of the T product batch should not differ from the R product by more than
£5 %. This is to ensure that comparable doses will be given in the BE study so that
no dose correction is necessary for subsequent analysis of study data (FDA 2003a).

24.5 Sampling

In a typical BE study, the T and R product are generally administered with 8 oz (i.e.,
240 mL) of water to each participating subject under fasting conditions, unless the
study is to be conducted under fed conditions where a high-fat meal will be given
(FDA 2002, 2003a). For fasting studies, subjects are usually fasted overnight before
drug administration in the following day and standardized meals will be provided to
subjects no less than 4 h after dosing.



2 Fundamentals of Bioequivalence 45

For BE studies with pharmacokinetic measures, under normal circumstances, a
series of blood samples (rather than urine or tissue samples) will be collected after
dosing and parent drug (and major metabolites) concentrations in serum or plasma
will be measured. However, depending on the drug kinetics, whole blood may be
more appropriate for analysis of some drugs, e.g., tacrolimus (FDA 2012d).
Tacrolimus is extensively bound to red blood cells with a mean blood to plasma
ratio of about 15, while albumin and alpha 1-acid glycoprotein appear to primarily
bind tacrolimus in plasma (Venkataramanan et al. 1995).

In a single-dose pharmacokinetic study, collection of blood samples should be
scheduled at appropriate times in such a manner that the absorption, distribution,
and elimination phases of the drug can be well described. This is generally achieved
by collecting 12—18 samples (including a pre-dose sample) for each subject after
each dose. More frequent sampling should be made around the anticipated peak
time (Ty,x) SO that Cy,.x can be determined with accuracy. The sampling schedule
should continue for at least three or more terminal elimination half-life of the drug
to ensure complete characterization of the entire pharmacokinetic profile. The exact
timing for sample collection depends on the kinetics of the drug and the input rate
from the drug product. However, at least three to four samples should be obtained
during the terminal log-linear phase to allow for an accurate estimate of terminal
rate constant (Az) from linear regression so that AUC,, can be calculated without
difficulty.

2.4.6 Parent Drug Versus Metabolites

For most drugs, one or more primary metabolites are formed as a result of
biotransformation. Primary metabolites often undergo further metabolic transfor-
mation to one or more secondary metabolites. The administered substance (parent
drug) and/or its primary/secondary metabolites may produce either desired thera-
peutic effect or undesired adverse effect or both. If the administered substance is
inactive (i.e., has neither therapeutic nor adverse effects), it is termed a pro-drug.
After oral administration, biotransformation may occur pre-systemically when the
gastrointestinal mucosa and/or liver contribute to the overall metabolism of the
administered substance.

The debate over measuring the parent drug versus metabolite(s) is similar to the
debate over whether blood level measures or clinical outcomes should be used in
BE studies. From a regulatory perspective, reliance on measurement of the parent
drug as a marker of rate and extent of release is preferred, even when the parent
drug has no clinical activity or the metabolite has a significant therapeutic effect.
The rationale for this approach is that the concentration—time profile of the parent
drug is more sensitive to changes in formulation performance than the metabolite.
The parent drug data mirror the absorption process of the active moiety in the
formulation whereas the metabolite data are more reflective of the processes of
metabolite formation, distribution, and elimination (FDA 2003a). In many cases,
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the formation of metabolite(s) is a sequence secondary to the absorption of parent
drug, and thus metabolite(s) data are not useful for distinguishing small differences
existing, if any, between formulations. From a clinical perspective, measurement of
a metabolite may be desirable when the metabolite possesses most of the clinical
activity. Nevertheless, consideration of parent drug versus metabolite for BE
evaluation should be focused on the accuracy, sensitivity, and reproducibility of
the approach used for assessment.

Indeed, the above notion of using parent drug (rather metabolites) data in BE
assessment has been supported by the experimental data and extensive simulations
conducted over the years (Chen and Jackson 1991, 1995; Jackson 2000; Jackson
et al. 2004; Braddy and Jackson 2010). In most cases, it has been found that 90 %
confidence intervals for AUC and/or C,,,x of the metabolite are smaller than those
of the parent drug, regardless of the drug kinetics and level of error contained in the
data. Exceptions arise only when a high degree of intrasubject variability exists in
the first-pass metabolism compared to the absorption process of the drug (Chen and
Jackson 1995). Under such conditions, the metabolite data is needed in addition to
the parent drug data for BE assessment.

In general, it has been concluded that concentration—time profile of the parent
drug, as compared to its metabolite(s), is more sensitive to changes in formulation
performance, and thus pharmacokinetic data from parent drug should be used for
BE assessment. However, metabolite data may be important and should be obtained
if a primary metabolite(s) is formed substantially through pre-systemic metabolism
(e.g., first-pass, gut wall, or gut lumen metabolism) and contributes significantly to
the safety and efficacy of the drug product. This approach should be applied to all
drug products, including pro-drugs. To determine BE, the US FDA currently only
requires statistical analysis using a confidence interval approach for parent drug
while metabolite data are used to provide supportive evidence of comparable
therapeutic outcome.

2.4.7 Enantiomers Versus Racemates

In chemistry, stereoisomers have the same molecular formula with the same atoms,
connected in the same sequence, but their atoms are positioned differently in space.
Enantiomers are two stereoisomers that are related to each other by a reflection and
thus they are mirror images of each other, but they are not superimposable.
Analytically, one enantiomer will rotate the plane of polarized light to the right
(dextrorotatory, d or +), while its antipode will rotate it to the left with the same
magnitude (levorotatory, / or —). The prefixes R- and S- are assigned to the
enantiomers on the basis of their absolute configuration. However, there are no
relationships between the d// versus R-/S- nomenclatures.

A drug molecule can be obtained either from natural sources or by chemical
synthesis. Natural source drugs may have only one enantiomer whereas chemically
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synthesized drugs are generally racemates. Many drugs have been developed and
marketed as a racemic (50:50) mixture of the R- and S-enantiomers. For example,
nonsteroidal anti-inflammatory drugs (NSAIDS) are an important group of racemic
drugs with the S-isomer generally associated with clinical efficacy (Evans 1992).
The systemic exposure of many NSAID enantiomers such as ketoprofen and
flurbiprofen are found comparable in terms of AUC and the S-/R-concentration
ratio in plasma remains constant over time (Ariens 1984). However, it has been
observed that for some other NSAIDs, such as fenoprofen and ibuprofen, the AUC
of S-isomer may exceed that of the R-isomer (Rubin et al. 1985; Cox 1988; Evans
et al. 1990). Due to the low solubility of ibuprofen at acidic pH, different formu-
lations may show different in vivo dissolution rates that in turn, translate into
different absorption rates. Substantial unidirectional inversion of the R-(—) to
S-(+) enantiomer occurs systemically, which may be influenced by the absorption
rate of ibuprofen (Jamali et al. 1988; Davies 1998). In a study comparing two
formulations of racemic ibuprofen tablets, results from both chiral (enantiospecific)
and achiral (non-enantiospecific) assays showed BE of the two products. However,
compared to the achiral assay, the chiral assay detected a larger difference in the
eutomer (Garcia-Arieta et al. 2005). In another study with two ibuprofen oral
suspensions (2 %), achiral method showed BE of two products for both AUC and
Crnax- However, the chiral method showed differences in AUC and C,,, resulting
in non-bioequivalence for the individual enantiomers (Torrado et al. 2010).

Measurement of racemates in plasma or serum using an achiral assay is gener-
ally sufficient for BE studies if identical BE outcome can be obtained with the use
of racemate or enantiomer data. However, depending on the pharmacokinetic and
pharmacodynamic characteristics of the drug under study, BE decision may vary
with the use of racemate or enantiomers. As a result, the FDA Guidance (2003a)
currently recommends analysis of individual enantiomers for a BE study when all
of the following conditions have been met:

e The enantiomers exhibit different pharmacokinetic characteristics

¢ The enantiomers exhibit different pharmacodynamic characteristics

« Primary efficacy and safety activity reside with the minor enantiomer

¢ Nonlinear absorption is present for at least one of the enantiomers, as expressed
by a change in the enantiomer concentration ratio with change in the input rate of
the drug

2.4.8 Endogenous Compounds

Some drug substances are endogenous compounds either because they are naturally
produced in the body or because they are present in the normal diet. If the
endogenous compound is identical to the drug, BE determination may be difficult
since the exogenous drug cannot be distinguished from the endogenous compound.
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Baseline-corrected data is generally recommended for BE evaluation when the
endogenous levels are fairly constant before and during the study. The baseline
levels are often determined by averaging the data from multiple samples taken in
the time period before administration of the study drug. In addition, baseline levels
should be determined at each dosing interval if they are period specific. Provided
below are two examples of endogenous compounds with one (estradiol) produced
naturally and the other (potassium chloride) derived from diet intake.

Endogenous estrogens are largely responsible for the development and mainte-
nance of the female reproductive system and secondary sexual characteristics.
Although circulating estrogens exist in a dynamic equilibrium of metabolic inter-
conversions, estradiol is the principal intracellular estrogen with substantially
higher potency than its metabolites, estrone and estriol, at the receptor level. The
primary source of estrogens in premenopausal women is ovarian follicles. How-
ever, after menopause, most endogenous estrogen is produced by conversion of
androstenedione to estrone in peripheral tissues. Therefore, estrone and its sulfate-
conjugated form are the most abundant circulating estrogens in postmenopausal
women.

In the case of estradiol tablets, a single-dose, two-way, crossover design has
been recommended for the BE study in healthy, physiologically or surgically
postmenopausal women (FDA 2010d). This population is preferred because estra-
diol is often used to treat symptoms of menopause and the baseline levels in these
subjects are fairly constant. The FDA Guidance on estradiol (2010d) has indicated
that BE evaluation of estradiol tablets should be based on 90 % confidence interval
of baseline-adjusted data of total estrone, with estradiol (unconjugated) and estrone
(unconjugated) data as supportive evidence of comparable therapeutic outcome.

Potassium chloride represents an endogenous compound that comes from die-
tary intake. In this case, it is best to conduct the BE study by strictly controlling the
intake before and during the study. The FDA Guidance on potassium chloride
(2011d) recommends that subjects be placed on a standardized diet, with known
amounts of potassium, sodium, calories, and fluid intake. Strict control and knowl-
edge of the actual intakes of potassium, sodium, calories, and fluid are critical for
study success. In addition, subjects should be placed in a climate-controlled envi-
ronment, remaining in-house as much as possible. Physical activity should be
restricted to avoid excessive sweating and thus potassium loss. Meals, snacks,
and fluids should be given at standard times, and subjects are strongly encouraged
to ingest the recommended amounts while refraining from unnecessary physical
activity.

While baseline-correction can be done for pharmacokinetic data of those endog-
enous compounds that have constant baseline levels in the body, the issue of
whether baseline adjustment is appropriate for BE determination may arise when
(a) it is not possible to determine baseline concentrations with accuracy; or (b) a
feedback mechanism prevails during the study. Presumably, if the interest is to
know whether the exogenous compound administered results in the comparable
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systemic levels that are within the normal physiological range, baseline-
uncorrected data may be sufficient for BA/BE assessment. However, if the contri-
bution of baseline levels to the total levels in the blood/plasma is substantial for the
compound, it may be problematic to use baseline-uncorrected data for BE
determination.

2.5 Conclusions

BE studies have played an important role in the drug development as well as during
the post-approval period for both pioneer and generic drugs. The main objectives of
these studies may be twofold. First, they serve as bridging studies in the presence of
formulation or manufacturing changes to provide supportive evidence for safety
and efficacy of a drug product. Second, they can be utilized to assure product
quality and performance throughout the life time of a drug product. In the USA,
with the passage of the 1984 Hatch-Waxman Act, considerable interest and atten-
tion has been added to focus on the use of these studies for approval of generic
drugs.

The statutory definition of BE, expressed in rate and extent of absorption of the
active moiety or ingredient to the site of action, emphasizes the use of pharmaco-
kinetic measures to indicate release of the drug substance from the drug product
with absorption into the systemic circulation. This approach rests on an understand-
ing that measurement of the active moiety or ingredient at the site(s) of action is
generally not possible and that there is some relationship between the drug con-
centrations at the site of action relative to those in the systemic circulation. In cases
where pharmacokinetic approach is impossible, BE studies can be conducted using
pharmacodynamic measures, clinical endpoints, or in vitro tests, with due
considerations.

Extraordinary progress has been made in pharmaceutical science and technology
since the enactment of 1977 BA/BE regulations in the USA. The contemporary
knowledge and methodologies may provide an opportunity to enhance the regula-
tory approaches for BE demonstration. An ideal paradigm of BE evaluation may
take into account the therapeutic index, clinical importance, and pharmaceutical
characteristics of the drug substance and drug product under examination. This can
be illustrated by the recent changes in the BE approaches for highly variable drugs
and narrow therapeutic index drugs. With modern science and technology, an
enhanced reliance on in vitro methods for BE demonstration may be possible in
the future. Further refinement of the BCS approach may expand the horizon of
using in vitro studies for establishment of BE. Multiple in vitro methods may also
be developed to substantiate BE demonstration of complex dosage forms or drug
products.
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Chapter 3
Basic Statistical Considerations

Fairouz T. Makhlouf, Stella C. Grosser, and Donald J. Schuirmann

3.1 Introduction

According to the Code of Federal Regulations (CFR) 21, Part 320.1, two drug
products are considered bioequivalent if they are pharmaceutical equivalents or
pharmaceutical alternatives whose rate and extent of absorption do not show a
significant difference when administered at the same molar dose of the active
moiety under similar experimental conditions, either single dose or multiple dose.
CFR 21, 320.1 also specifies that the statistical techniques used should be of
sufficient sensitivity to detect difference in rate and extent of absorption that are
not attributable to subject variability. This chapter discusses three statistical
approaches for bioequivalence (BE) comparisons: average, population, and indi-
vidual. Many of the principles described here also apply to the design and analysis
of clinical endpoint studies; however, we do not discuss such studies specifically.

Defined as relative bioavailability (BA), BE involves comparison between a
Test (T') and Reference (R) drug product, where T and R can vary, depending on the
comparison to be performed (e.g., to-be-marketed dosage form versus clinical trial
material, generic drug versus reference listed drug, and drug product changed after
approval versus drug product before the change). Although BA and BE are closely
related, BE comparisons normally rely on a criterion, a confidence interval for the
criterion, and a predetermined BE limit. BE comparisons could also be used in
certain pharmaceutical product line extensions, such as additional strengths, new
dosage forms (e.g., changes from immediate release to extended release), and new
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routes of administration. In these settings, the approaches described in this chapter
can be used to determine BE. The general approaches discussed in this chapter may
also be useful when assessing therapeutic equivalence or performing equivalence
comparisons in clinical pharmacology studies and other areas.

A standard in vivo BE study design is based on the administration of either
single or multiple doses of the T and R products to healthy subjects on separate
occasions, with random assignment to the two possible sequences of drug product
administration.

Statistical analysis for pharmacokinetic measures, such as area under the blood-
level versus time curve (AUC) and peak concentration (Cpax), is based on the two
one-sided tests procedure (Schuirmann 1989) to determine whether the average
values for the pharmacokinetic measures determined after administration of the
T and R products are comparable. This approach is termed average bioequivalence
and involves the calculation of a 90 % confidence interval for the ratio of the
averages (population geometric means) of the measures for the 7 and R products.
To establish BE, the calculated confidence interval should fall within a BE limit,
usually 80-125 % for the ratio of the product averages.

Although average BE is recommended for a comparison of BA measures in most BE
studies, this chapter also describes two alternate approaches, termed population bio-
equivalence (PBE) and individual bioequivalence (IBE). These alternate approaches
may be useful, in some instances, for analyzing in vitro and in vivo BE studies. The
average BE approach focuses only on the comparison of population averages of a BE
measure of interest and not on the variances of the measure for the T and R products.
The average BE method does not assess a subject-by-formulation interaction variance,
that is, the variation in the average T and R difference among individuals.

In contrast, population and individual BE approaches include comparisons of
both averages and variances of the measure. The population BE approach assesses
total variability of the measure in the population. The individual BE approach
assesses within-subject variability for the 7 and R products, as well as the subject-
by-formulation interaction.

Figures 3.1, 3.2, and 3.3 illustrate the differences between equivalence in
averages and in variabilities of bioavailability. Figure 3.1 illustrates the situation
where distribution of the bioavailability measure, for example here In(C-max), is
equivalent in average and variability. Figure 3.2 illustrates that the two distributions
can be equivalent in the average but not in the variability. Finally, Fig. 3.3 provides
an illustration of how the two measures can be equivalent in variability but not on
the average.

In Average BE, it is assumed that the Reference and the Test should give similar
average exposure as in Figs. 3.1 and 3.2. In this case, the factors that might affect
the BA measure are considered as noise and the study can be designed to minimize
between individual variability. In Population BE, the statistical distribution of the
drug exposures of the two formulations should be sufficiently similar as in Fig. 3.1
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in some appropriate population (Anderson and Hauck 1990). In this case, we see
that the average and the variability of the bioavailability should be similar. Also,
Population BE is referred to in the context of prescribability in the sense that if an
individual is to take a product for the first time, the same therapeutic efficacy is
expected no matter which formulation is prescribed. In Individual BE, the bioavail-
ability of the Test is sufficiently close to that of the Reference in most individuals in
some appropriate population (Anderson and Hauck 1990). In addition, Individual
BE is referred to in the context of switchability, in the sense that an individual using
one formulation should expect the same therapeutic effect after switching to the
other formulation.

3.2 Statistical Model

Statistical analyses of BE data are typically based on a statistical model for the
logarithm of the BA measures (e.g., AUC and C,,,,). The model is a mixed-effects
or two-stage linear model. Each subject, j, theoretically provides a mean for the
log-transformed BA measure for each formulation, u7; and ug; for the T and
R formulations, respectively. The model assumes that these subject-specific
means come from a distribution with population means p7 and ug, and between-
subject variances 6%, and o3y, respectively. The model allows for a correlation, p,
between pi7; and ug;. The subject-by-formulation interaction variance component
(Schall and Luus 1993), 012), is related to these parameters as follows:

op = Variance (ur; — pg;)
= Variance (,uTj) + Variance (ﬂRj) — 2Covariance (uTj,ﬂRj)
= 6123T + GlzgR — ZPO-BTGBR (31)
= 61237 + GlzgR — 263T63R + 2GBTGBR — ZPGBTGBR

= (opr — opr)” + 2(1 = p)oprosr

For a given subject, the observed data for the log-transformed BA measure are
assumed to be independent observations from distributions with means p7; and ug;,
and within-subject variances 63, and 63,. The total variances for each formulation
are defined as the sum of the within- and between-subject components (i.e.,
(F%T = J%W +6129T and J%R = J%VR +()'129R). When BE is assessed through the analysis
of crossover studies, the means are given additional structure by the inclusion of

period and sequence effect terms.
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3.3 Statistical Approaches for Bioequivalence

The general structure of a BE criterion is that a function (@) of population measures
should be demonstrated to be no greater than a specified value (6). Using the
terminology of statistical hypothesis testing, this is accomplished by testing the
hypothesis Hy: @ > 6 versus H, : © < 0 at a desired level of significance, often 5 %.
Rejection of the null hypothesis Hj (i.e., demonstrating that the estimate of © is
statistically significantly less than ) results in a conclusion of BE. The choice of ®
and @ differs in average, population, and individual BE approaches. A general
objective in assessing BE is to compare the log-transformed BA measure after
administration of the T and R products. Population and individual approaches are
based on the comparison of a measure of the difference (expected square distance)
between the Test and Reference formulations to the same measure of difference
between two administrations of the Reference formulation, denoted by R and R.An
acceptable Test (T') formulation is one where the difference between T and R (.e.,
T—R) is not substantially greater than the difference between the two reference
administrations (i.e., R — R). In both population and individual BE approaches, this
comparison appears as a comparison to the reference variance, which is referred to
as scaling to the reference variability.

Population and individual BE approaches, but not the average BE approach,
allow two types of scaling: reference-scaling and constant-scaling. Reference-
scaling means that the criterion used is scaled to the variability of the R product,
which effectively widens the BE limit for more variable reference products.

Although generally sufficient, use of reference-scaling alone could unnecessar-
ily narrow the BE limit for drugs and/or drug products that have low variability but
a wide therapeutic range. Hence, a mixed-scaling approach for the population and
individual BE approaches is recommended by the guidance on Statistical
Approaches to Establishing Bioequivalence (FDA 2001). Sections 3.3.2 and 3.3.3
describe such approaches in the population and IBE, respectively. With mixed
scaling, the reference-scaled form of the criterion should be used if the reference
product is highly variable; otherwise, the constant-scaled form should be used.

3.3.1 Average Bioequivalence

The average BE approach focuses on the comparison of population averages of a
BE measure of interest for example log-transformed measure of AUC or C\,x-
The following criterion is recommended for average BE:

(I/‘T - ﬂR)2 < 9/24’ (3~2)
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where p7 is the population average response of the log-transformed measure for the
Test formulation and py is the population average response of the log-transformed
measure for the Reference formulation as defined in Sect. 3.2.

This criterion is equivalent to:

=04 < (ur — pg) < 04 (3.3)

Typically, 84, =1n(1.25) this corresponds to the FDA bioequivalence limit of
80-125 % on the original scale. This criterion is not symmetric around 1 on the
original scale for the ratio of the average bioavailability, but it is symmetric on
the log scale around O.

Average bioequivalence does not include a comparison of the variances of the
measure for the 7 and R products and it does not assess a subject-by-formulation
interaction variance. In the following sections, we will discuss two methods that
will include such comparisons.

3.3.2 Population Bioequivalence

PBE is important in the context of drug interchangeability when prescribing new
drug to a naive subject. In terms of clinical setting, PBE allows the doctor to
prescribe either the Test or the Reference drug product to the subject who has
never used the drug with confidence. To assure PBE of the test and reference drugs,
the distribution of pharmacokinetic measurements should be similar. This means
that, in addition to the similarity of the population average of the pharmacokinetic
measurements of the test and reference products, the population variability of the
pharmacokinetic measurements should be similar as well.

In the guidance on Statistical Approaches to Establishing Bioequivalence (FDA
2001), the comparison of interest for population equivalence is presented in terms
of the population difference ratio (PDR). PDR is defined as the ratio of the expected
squared difference between T and R drugs administered to different subjects and the
expected squared difference between two administrations of reference drugs (R and
R') administered to different subjects. It is given by Eq. (3.4) as follows:

Difference between test and reference administrtered to different subjects

PDR = —; — : :
Difference between two references administrtered to different subjects

PDR =

Note that the notation E(-) denotes the expected value of a variable, which may
be thought of as the theoretical mean value. It will be used throughout this chapter.
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For two drug products to be considered population bioequivalent the PDR
should be within acceptable limits. The 2001 Guidance proposed a mixed-scaling
approach for population bioequivalence criteria (PBC). Under this approach, the
guidance suggests the use of the reference-scaled method if the estimate of total
standard deviation for the Reference drug (o7y) is greater than a specified constant
for the total standard deviation (c7(); and the use of constant-scaled method if the
estimate of total standard deviation for the Reference drug is less than or equal a
specified constant for the total standard deviation.

The recommended criteria are:

e If o7 > o719 then use reference-scaled

(ur — ,“R)2 + (G%T - U%R)

<0 3.5
—~ ) (35)
e If o7 < o7 then use constant-scaled
2 2 2
— + (o7 — O
(IMT ﬂR) 2( T TR) S 9[); (36)

)

where p7 is the population average response of the log-transformed measure for the
Test formulation, ug is the population average response of the log-transformed
measure for the Reference formulation, 6%7- is the total variance of the Test
formulation (i.e., sum of within- and between-subject variances), G%R total variance
of the Reference formulation (i.e., sum of within- and between-subject variances),
and 5%0 is a specified constant total variance and &, is the PBE limit. In other words,
the PBC can be written as:

(ur — ug)” + (671 — o1x)
max (c%, 67 )

PBC = <6, (3.7)

The above inequality (Eq. (3.7)) represents an aggregate approach where a single
criterion on the left-hand side of the equation encompasses two major components.
The first component addresses the difference between the T and R population
averages (u7 — pg) and the second component addresses the difference between
the T and R total variances (67, — 67;). This aggregate measure is scaled to the total
variance of the R product (o-%R) or to a constant value (6%0), a standard that relates to
a limit for the total variance), whichever is greater.

Under reference scaling, the PDR is monotonically related to the PBC. This can
be shown as follows:

E(T_R)z = (/’lT_/"R)ZJ'_O-%T—i—O-%R (3.8)
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! 2 2
E(R —R ) =202, (3.9)
2 2
ET—R)"  _ (ur—pr) + 077 + o
E(R-R)’ 207
_ (ur — ﬂR)z + Oty + Og — O7g + O1g
202,
2
_ (ur — pg)” + oty — o + 207, (3.10)
N 202 .
TR
2
_ (ur — ) +6%T*U%R+1
202,
_PBC |
2

This means that the PDR is related to the PBC through,

PDR =
(3.11)

The determination of o7 is based on the maximum allowable PDR and the
variance offset (63 — 67p).

The 2001 Guidance states that the determination of 6, should be based on the
consideration of average BE criterion and the addition of variance terms to the
population BE criterion, as expressed by the formula below:

0. — Average BE Limit 4 Variance factor
P =

Variance

In1.25)* + ¢
6, - L2 o (3.12)
oTo

The value of ¢, for population BE is guided by the consideration of the variance
term (U%T — G%VR). Per the 2001 guidance, sponsors or applicants wishing to use the
population BE approach should contact the FDA for both ep and 0p.
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3.3.3 Individual Bioequivalence

In the previous section, we discussed the importance of PBE in the context of drug
interchangeability when prescribing a new drug to a naive subject. In this section,
we present drug interchangeability in the context of switchability. In terms of the
clinical setting, a finding of IBE allows the doctor to switch the prescribed drug
from the Reference drug to the Test drug or vice versa for a subject who has been
titrated to the most effective dose without compromising the efficacy and the safety
of the drug. The basic idea in IBE is that most subjects will have similar bio-
availabilities on the two formulations—Test and Reference products.

In the 2001 Guidance, the comparison of interest for individual equivalence is
presented in terms of the ratio of the expected squared difference between T and
R drugs administered to the same subject and the expected squared difference
between two administrations of reference drugs (R and R’) administered to the
same subject. This ratio is the individual difference ratio (IDR) and is given by:

IDR — Difference between test and reference administration on the same subject

Difference between two reference administrations on the same subject

For two drug products to be considered individual bioequivalent, the IDR should
be within acceptable limits. The 2001 Guidance proposed a mixed-scaling approach
for individual bioequivalence criteria (IBC). This approach uses the reference-
scaled method if the estimate of the within-subject standard deviation of the
Reference drug (owr) is greater than a specified constant for the within-subject
standard deviation (o) and the constant-scaled method if the estimate within-
subject standard deviation of the Reference drug less or equal a specified constant
for within subject standard deviation.

The recommended criteria are:

e If owg > owo then use reference-scaled

2
(ur — ug)” + 0 + (ofr — oie)

> <6 (3.13)
OWwr
e If owg < owo then use constant-scaled
2 2 2 2
(ur — pg) +UL;+ (o%r — oim) <o, (3.14)

o
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where ur is the population average response of the log-transformed measure for
the T formulation, g is the population average response of the log-transformed
measure for the R formulation, o7 is the subject-by-formulation interaction
variance component, o-%VT is the within-subject variance of the T formulation, ‘7124/13
within-subject variance of the R formulation, o7, is a specified constant
within-subject variance and is the individual BE limit.
In other words, the IBC can be written as:
(7 — 1r)’ + 0) + (b — ohe

max (o-%vo . O%)

IBC = ) < (3.15)

The above inequality [Eq. (3.15)] represents an aggregate approach where a
single criterion on the left-hand side of the equation encompasses three major
components. The first component addresses the difference between the T and
R population averages (u; — pug) which corresponds to the average bioequivalence
criteria. The second component addresses the subject-by-formulation interaction
(0%)). From Eq. (3.1), we can see that af) measures the extent to which the individual
mean difference (ug; — pg;) are similar across the individuals. Finally, the third
component addresses the difference between the T and R within-subject variances
(67 — o%r). This aggregate measure is scaled to the within-subject variance of the
R o}, product or to a constant value (67, a standard limit for the within-subject
variance), whichever is greater.

The scaling approach in Eq. (3.13) is useful for drugs that exhibit high within-
subject variability. Scaling to the reference variability will widen the bioequiva-
lence limits. This is very important in this case because with high within-subject
variability meeting the average bioequivalence limit of 80—125 % requires a large
number of subjects. Even the reference drug might fail the average bioequivalence
criterion against itself. For drugs with low within-subject variability, using the
scaling approach as in Eq. (3.13) will unnecessarily tighten the limits. In this case
scaling to constant variance (63,,) is recommended, as in Eq. (3.14). There are some
exceptions to this mixed scaling criterion. This happens when the drug has a narrow
therapeutic range and a reasonable public need to tighten the bioequivalence limits
in this case even if oyg < oy scaling to the reference variability as expressed in
Eq. (3.13) might be more appropriate.

Under reference scaling, the IDR is monotonically related to the IBC. This can
be shown as follows:

E(T = R)* = (ur — )’ + 0 + iy + i (3.16)

E(R - R’)2 =202, (3.17)
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2 2
E(T —R) (ur — ug)” + 0p + o + o

ER-R)’ 207/
_ (ur — pg)’ + 0} + Ohy + G — Oh + O
ZG%VR
2
_ (ur — pg)” + 0 + G — O + 203 (3.18)
20%,,?
2
_ (Hr — pg) +512)+6%VT_"%VR+1
20%‘,R
_IBC |
2

This means that the IDR is related to the IBC through,

IDR =

(3.19)

The determination of oy is based on the maximum allowable IDR and the
variance offset. For example, if the maximum allowable IDR is 1.25 and the
variance offset is 0, and, based on the convention that the limits for average
bioequivalence are 80-125 %, then the scaling standard deviation oy is 0.2104.

The 2001 Guidance states that the determination of should be based on the
consideration of average BE criterion and the addition of 6, variance terms to the
population BE criterion as expressed by the formula below:

0 average BE Limit 4 variance factor
I =

variance

In1.25)2
6, = w (3.20)

Oo

The value ¢, for individual BE is guided by the consideration of the estimate of
subject-by-formulation interaction variance (c3) as well as the difference in within-
subject variability (G%VT — G%VR). The magnitude of op is associated with the per-
centage of individuals whose average T to R ratios lie outside 80—125 %. A large
subject-by-formulation interaction corresponds to a substantial proportion of indi-
viduals with large individual mean differences. As we can see from Eq. (3.1) the
value of op =0 occurs when all the individual-specific mean differences are equal
to the overall mean difference (ur — ug). Also, from Eq. (3.1) 6p # 0 occurs if either
the between-subject variance of T and R are not equal or if the correlation is not
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Fig. 3.4 Two-group

parallel design [Design 1]
/ Test
Subjects — \

Reference

Randomization

perfect, i.e., p<1. In the 2001 Guidance, it is mentioned that if op=0.1356
approximately 10 % of the individuals would have their average ratios outside
80-125 % even if ur — pup =0. Also, when 6 =0.1741, the probability is approx-
imately 20 %. For more values of o, and their corresponding proportion of
individuals outside the 80—-125 %, see Hauck et al. 2000. The 2001 Guidance
recommends that the allowance for the variance term (o3, — o7) is 0.02 and
that the allowance for (012)) i1s 0.03 (i.e., 6p =0.1731). This leads to the recommen-
dation of ¢, to be equal to 0.05.

3.4 Study Design

The Code of Federal Regulations, 21CFR 320.25, indicates that the basic design of
an in vivo bioavailability study is determined by the scientific questions to be
answered, the nature of the reference material and the dosage form to be tested,
the availability of analytical methods, and the benefit-risk considerations in regard
to testing in humans. Also, 21CFR 320.26 and 21CFR 320.27 indicate that a single-
dose or a multiple-dose bioequivalence study should be crossover in design, unless
a parallel design or other design is more appropriate for valid scientific reasons. In
the following sections, we will describe some of the experimental designs that are
appropriate for bioequivalence studies; we will distinguish between nonreplicated
and replicated designs and discuss each type in turn.

3.4.1 Nonreplicated Designs

A conventional nonreplicated design is an experimental design in which a treatment
or a set of treatments is assigned to an experimental unit without replicating the
treatment. Examples of such design are the parallel study design and the standard
two-formulation, two-period, two-sequence crossover design.

In the parallel design [Design 1], each subject is randomized to only one
treatment group. The simplest form of such a design is the two-group parallel
design as shown in Fig. 3.4. Each subject is randomly assigned to one of the
treatment groups and usually each treatment group has the same number of
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Fig. 3.5 Two-formulation, two-period, two-sequence crossover design [Design 2 TR/RT]

subjects. A parallel design is not commonly used in bioequivalence studies since it
cannot distinguish between the intersubject variability and the intrasubject vari-
ability because each subject receives only one treatment. Therefore, the sample size
is larger for a parallel design compared to other designs, such as the crossover
designs. Under certain circumstances parallel designs should be used. For example,
if the drug has a long half-life, a parallel design may be more appropriate than other
designs due to the likelihood of dropouts during the required long washout period.
Also, if the study is to be in patient population, a shorter study is recommended and
hence a parallel design might be more appropriate. FDA sometimes recommends
using a parallel design in determining bioequivalence. Topical antibacterial and
antifungals ointments are examples of products for which three-arm parallel
designs, with Test, Reference, and Vehicle arms, are useful.

Another example of the nonreplicated study designs is the standard
two-formulation, two-period, two-sequence crossover design [Design 2 TR/RT].
This is a modified, randomized block design, where each block receives the test or
reference drug at different periods as shown in Fig. 3.5. In this design, each subject is
randomized either to sequence one, where the subject receives the Test drug in the
first period then Reference drug in the second period, or to sequence two, where the
subject receives the Reference drug in the first period and then the Test drug in
the second period. The two periods are separated by a washout period. The length of
the washout period should be sufficient for the drug received in the first period to be
eliminated from the body. In this design, each subject serves as his/her own control; the
design allows a within subject comparison between the test and the reference drugs.

Both the standard two-formulation, two-period, two-sequence crossover design
and parallel can be used to generate data where an average or population approach
is chosen for BE comparisons.

3.4.2 Replicated Crossover Designs

In a replicated crossover design, at least one treatment is repeated and there are
usually more periods than there are treatments. In this section, we present five
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Fig. 3.6 Two-formulation, two-period, four-sequence crossover design [Design 3 TR/RT/TT/RR]
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Fig. 3.7 Two-formulation, three-period, two-sequence crossover design [Design 4 TRT/RTR]

examples of replicated crossover designs. The first example of the replicated
crossover design is the two-period replicated crossover design [Design 3, TR/RT/
TT/RR] as shown in Fig. 3.6.

In Design 3, each subject is randomized to one of the four sequences. The subject
receives the Test in the first period and the Reference in the second period in
sequence one; in sequence two, the Reference in the first period and then Test in the
second period; in sequence three, the Test in the first period and then Test in the
second period; and, in sequence four, the Reference in the first period and then
Reference in the second period. In each sequence, there is an adequate washout
period between the two periods. Such a design is called the Balaam design.

The second and third examples of the replicated crossover designs (Design 4 and
Design 5) in this section are two-sequence, three-period designs. In Design
4 [TRT/RTR], shown in Fig. 3.7, each subject is randomized to either sequence
one, where the subject receives the Test in the first period, the Reference in the
second period, then the Test in the third period or to sequence two where the subject
receives the Reference in the first period, the Test in the second period, then the
Reference again in the third period. Periods are separated with an adequate washout
period.
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Fig. 3.8 Two-formulation, three-period, two-sequence crossover design [Design 5 TRR/RTT]
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Fig. 3.9 Two-formulation, four-period, two-sequence crossover design [Design 6 TRTR/RTRT]

In Design 5 [TRR/RTT] as shown in Fig. 3.8, each subject is randomized to
either sequence one, where the subject receives the Test in the first period, the
Reference in the second period, then the Reference in the third period or sequence
two, where the subject receives the Reference in the first period, the Test in the
second period, then the Test in the third period. Periods are separated with an
adequate washout period.

The fourth example is the two-sequence, four-period design [Design 6
TRTR/RTRT] as shown in Fig. 3.9. In Design 6, each subject is randomized to
either sequence one, where the subject receives the Test in the first period, the
Reference in the second period, then the Test in the third period, and finally
the Reference in the fourth period or sequence two where the subject receives
the Reference in the first period, the Test in the second period, then the Reference
in the third period, and finally the Test in the fourth period. Periods are separated
with an adequate washout period.

Our fifth and final example is the four-sequence, four-period designs [Design 7
TRRT/RTTR/TTRR/RRTT]. Subjects are randomized to a sequence and treatments
are applied, alternating between Test and Reference as shown in Fig. 3.10.

3.4.2.1 Choosing Among These Designs: Statistical Considerations

Replicated crossover designs can be used irrespective of which approach is selected
to establish BE, although they are not necessary when an average or population
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Fig. 3.10 Two-formulation, four-period, four-sequence crossover design [Design 7 TRRT/RTTR/
TTRR/RRTT]

approach is used. Replicated crossover designs are critical when an individual BE
approach is used. They allow a separate estimation of within-subject variances for
the Test and Reference measures and the subject-by-formulation interaction vari-
ance component. An exception is the Balaam design [Design 3 TR/RT/TT/RR].
This design should be avoided for individual BE because subjects in the TT or RR
sequence do not provide any information on subject-by-formulation interaction.
However, the Balaam design may be useful for particular drug products (e.g., a long
half-life drug for which a two-period study would be feasible but a three- or more-
period study would not).

The replicated crossover design with only two sequences is the preferred design
for the individual BE approach. In particular, the two-sequence, four-period design
[Design 6, TRTR/RTRT], where half of the subjects receive the first sequence
TRTR and the other half receive the sequence RTRT, is recommended by the 2001
Guidance. There are many reasons for this recommendation. To be able to explain
them, we need first to mention that in a replicated crossover design, each unique
combination of sequence and period can be called a cell of the design. For example,
the two-sequence, four-period design has eight cells; the two-sequence, three-
period design has six cells, etc. Also, the total number of degrees-of-freedom
attributable to comparisons among the cells is just the number of cells minus one
(unless there are cells with no observations). The fixed effects that are usually
included in the statistical analysis are sequence, period, and treatment (i.e., formu-
lation). The number of degrees-of-freedom attributable to each fixed effect is
generally equal to the number of levels of the effect, minus one. Thus, in the case
of Design 6 TRTR/RTRT, there would be 1 (one) degree-of-freedom due to
sequence, 3 degrees-of-freedom due to period, and 1 degree-of-freedom due to
treatment, for a total of 5 degrees-of-freedom due to the three fixed effects.
These 5 degrees-of-freedom do not account for all 7 degrees-of-freedom attribut-
able to the eight cells of the design; hence, we say the fixed effects model is not
saturated. An effect for sequence-by-treatment interaction might be included in
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addition to the three main effects—sequence, period, and treatment. Alternatively, a
sequence-by-period interaction effect might be included, which would fully satu-
rate the fixed effects model.

If the replicated crossover design has only two sequences, use of only the three
main effects (sequence, period, and treatment) in the fixed effects model or use of a
more saturated model makes little difference to the results of the analysis, provided
there are no missing observations and the study is carried out in one group of
subjects (for example, a single site). The least squares estimate of pr — g will be
the same for the main effects model and for the saturated model. Also, the method
of moments (MM) estimators of the variance terms in the model used in some
approaches to assessment of population and individual BE, which represent within-
sequence comparisons, are generally fully efficient regardless of whether the main
effects model or the saturated model is used. It is worth noting that the same lots of
the T and R formulations should be used for the replicated administration. If the
replicated crossover design has more than two sequences, the above advantages are
no longer present. Main effects models will generally produce different estimates of
ur — pug than saturated models (unless the number of subjects in each sequence is
equal), and there is no well-accepted basis for choosing between these different
estimates. Also, MM estimators of variance terms will be fully efficient only for
saturated models, while for main effects models fully efficient estimators would
have to include some between-sequence components, complicating the analysis.
Thus, use of designs with only two sequences minimizes or avoids certain ambi-
guities due to the method of estimating variances or due to specific choices of fixed
effects to be included in the statistical model.

One of the reasons to use the four-sequence, four-period design as in Design
7 [TRRT/RTTR/TTRR/RRTT] above is that it is thought to be optimal if carryover
effects are included in the model. Similarly, the two-sequence, three-period design
as in Design 5 [TRT/RTT] is thought to be optimal among three-period replicated
crossover designs. Both of these designs are strongly balanced for carryover
effects, meaning that each treatment is preceded by each other treatment and itself
an equal number of times.

With these designs, no efficiency is lost by including simple first-order carryover
effects in the statistical model. Simple first-order carryover effect occurs if the
formulation of one period affects the response to the formulation in the next period
only. Since the washout period should be sufficient to eliminate carryover effect
only the simple first-order carryover effect is of concern. However, if the possibility
of carryover effects is to be considered in the statistical analysis of BE studies, then
the possibility that the carryover is due to the formulation of the current treatment in
addition to the previous treatment should also be considered. This is called a direct-
by-carryover interaction. If direct-by-carryover interaction is present in the statis-
tical model, these favored designs are no longer optimal. Design 5 [TRR/RTT] does
not permit an unbiased within-subject estimate of u — py in the presence of general
direct-by-carryover interaction.
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In the 2001 Guidance, it is mentioned that another design, the three-period,
two-sequence design, Design 4 [TRT/RTR] can be used. Using this three-period
design will require greater number of subjects compared to the recommended four-
period design to achieve the same statistical power.

3.4.3 Sample Size, Study Power, and Dropouts

The assessment of average bioequivalence is based on the “Two One-Sided Test
Procedure” as proposed by Schuirmann (1987). Sample size calculation is based on
the power of this test procedure; power, here, is the pre-hoc chance of concluding
BE when the two products are truly bioequivalent.

There are published formulas to calculate the sample size for average BE studies
with various study designs, and references to these calculations will be given in the
text below. Sample sizes for population and individual BE studies should be based
on simulated data. The simulation is conducted using a default situation allowing
the two formulations to vary as much as 5 % in average BA with equal variances
and certain magnitudes of subject-by-formulation interaction. Usually, the study is
designed, i.e., the sample size is calculated, to have 80 or 90 % power to conclude
BE between these two formulations. Sample size also depends on the magnitude of
variability and the design of the study. Variance estimates to determine the number
of subjects for a specific drug can be obtained from the biomedical literature and/or
pilot studies.

A minimum number of 12 evaluable subjects usually are included in any BE
study, based on the FDA recommendations. Also, a sufficient number of subjects
should enter the study to allow for dropouts. Replacement of subjects during the
study could violate the assumptions of the statistical model and complicate the
analysis; dropouts generally should not be replaced. If dropouts are to be replaced
during the study, this intention has to be indicated in the protocol. The protocol
should also state whether samples from replacement subjects, if not used, will be
assayed. If the dropout rate is high and more subjects are added, a modification of
the statistical analysis may be needed. Also, additional subjects should not be
included after data analysis unless the trial was designed from the beginning as a
sequential or group sequential design.

Tables 3.1, 3.2, 3.3, and 3.4 give sample sizes for 80 and 90 % power using the
specified study design, given a selection of within-subject standard deviations
(natural log scale), between-subject standard deviations (natural log scale), and
subject-by-formulation interaction, as appropriate. These tables are taken from the
2001 Guidance.

Table 3.1 provides the estimated number of subjects needed for 80 and 90 %
power for average bioequivalence in the two-sequence, two-period [RT/TR] and
the two-sequenc, four-period [RTRT/TRTR] crossover designs. The calculations
for the two-period designs use the method of Diletti et al. (1991) and the results for
the four-period designs are based on the relative efficiency data of Liu (1995).
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Table 3.1 Estimated 80 % Power 90 % Power
numbers of subjects for
average bioequivalence Owr = OwR %D 2P 4P 2P 4P
with A =0.05 for the 0.15 0.01 12 6 16 8
two-sequence two-period 0.10 14 10 18 12
[RT/TR] and two-sequence 0.15 16 12 22 16
four-period [RTRT/TRTR] 0.23 0.01 24 12 32 16
designs 0.10 26 16 36 20
0.15 30 18 38 24
0.30 0.01 40 20 54 28
0.10 42 24 56 30
0.15 44 26 60 34
0.5 0.01 108 54 144 72
0.10 110 58 148 76
0.15 112 60 150 80
op is the subject-by-formulation interaction standard
deviation

owr and oy are the within-subject standard deviation for the
Test and Reference formulation, respectively

Table 3.2 Esti@ated owr = OwRr Opr=0pR 80 % Power 90 % Power
numbers of subjects for
population bioequivalence 0.15 0.15 18 22
with &, =0.02, A =0.05 for 0.30 24 32
the two-sequence four-period 0.23 023 22 28
[RTRT/TRTR] design 0.46 24 32
0.30 0.30 22 28
0.60 26 34
0.5 0.50 22 28
1.00 26 34

owr and oy are the within-subject standard deviation for the
Test and Reference formulation, respectively

opr and opp are the between-subject standard deviation for
the Test and Reference formulation, respectively

The calculations were done for different values of within subject variability for the
test and reference products (assuming that they are equal) and different values for
the subject-by-formulation interaction.

Table 3.2 provides the estimated number of subjects needed for 80 and 90 % power
for PBE in a balanced design across sequences, with the two-sequence and four-period
crossover design RTRT/TRTR. Here, ¢, which is the difference between the Test and
Reference total variances (62, — 62p), is set at 0.02, and A = 0.05. The calculations
were based on 1,540 simulations for each parameter combination (2001 Guidance).

Table 3.3 provides the estimated number of subjects needed for 80 and 90 %
power for IBE in two designs that are balanced design across sequences. The first is
the RTRT/TRTR and the second is the RTR/TRT. Here, £, =0.05 where ¢; is the
sum of the subject-by-formulation interaction variance and the difference between
the Test and Reference total variances o3, + (67 — 67g), and A =0.05. The calcu-
lations were based on 5,000 simulations for each parameter combination.
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Table 3.3 Estimated 80 % Power 90 % Power
numbers of subjects for
individual bioequivalence Owr = OwR %D 3P 4p 3P 4P
with ¢,=0.05,A =0.05 0.15 0.01 14 10 18 12
for the RTR/TRT and 0.10 18 14 24 16
RTRT/TRTR designs 0.15 28 22 36 26
0.23 0.01 42 22 54 30
0.10 56 30 74 40
0.15 76 42 100 56
0.30 0.01 52 28 70 36
0.10 60 32 82 42
0.15 76 42 100 56
0.5 0.01 52 28 70 36
0.10 60 32 82 42
0.15 76 42 100 56

op is the subject-by-formulation interaction standard deviation
owr and oy are the within-subject standard deviation for the Test
and Reference formulation, respectively

Table 3.4 Estimated 30 % Power 90 % Power
numbers of subjects for D — D
individual bioequivalence Owr = Owr %D 4p 4P
with £,=0.05,A=0.10 0.30 0.01 30 40
with constraint on 4 , 0.10 36 48
0.8 < exp(A) < 1.25 for 0.15 42 56
the RTRT/TRTR design 0.5 0.01 34 46
0.10 36 48
0.15 42 56

op is the subject-by-formulation interaction standard deviation
owr and oy are the within-subject standard deviation for the Test
and Reference formulation, respectively

Tables 3.4 provides the estimated number of subjects needed for 80 and 90 %
power for IBE for a two-sequence, four-period crossover design trial with a
balanced design across sequences. The design used in the simulations is the
RTRT/TRTR design with and A = 0.10. A constraint on the point estimate of A,
A was also added so that 0.8 < exp(ﬁ) < 1.25. The calculations were based on
5,000 simulations for each parameter combination. Note that if A = 0.05 is used in
the simulation, sample sizes remain the same as given in Table 3.3. This is because
the studies are already powered for variance estimation and inference, and there-
fore, a constraint on the point estimate of A has little influence on the sample size for
small values of A.

While the above sample sizes assume equal within-subject standard deviations,
simulation studies for three-period and four-period designs reveal that if A =0 and
6%y — o5 = 0.05, the sample sizes given will provide either 80 or 90 % power for these
studies. If sample sizes calculated are less than the recommended 12 subjects, the
sample size should be increased to that minimum sample size, as per the 2001 Guidance.
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3.5 Statistical Analysis

The pharmacokinetic parameters, such as AUC and C,.x, and the clinical end-
points, are analyzed statistically to determine if the test and reference products are
equivalent. The following sections provide an overview of the statistical method-
ology for assessment of average, population, and individual BE.

3.5.1 Logarithmic Transformation

There are clinical and pharmacokinetic rationales to explain why the pharmacokinetic
data (e.g., AUC and C,,,x) are usually log transformed using either common loga-
rithms to the base 10 or natural logarithms. The limited sample size in a typical BE
study precludes a reliable determination of the distribution of the data set. In the 2001
Guidance, FDA does not encourage the test for normality of error distribution after
log transformation, and it also states that the normality of error distribution should not
be a reason to carry out the statistical analysis on the original scale. In addition, if the
investigator feels BE study data should be statistically analyzed on the original rather
than on the log scale, justification should be provided.

The clinical rationale is based on the recommendation by the FDA Generic
Drugs Advisory Committee in 1991. This committee concluded that the primary
comparison of interest in a BE study is the ratio, rather than the difference, between
average parameter data from the T and R formulations. Using logarithmic transfor-
mation, the general linear statistical model employed in the analysis of BE data
allows inferences about the difference between the two means on the log scale,
which can then be retransformed into inferences about the ratio of the two averages
(means or medians) on the original scale. Logarithmic transformation thus achieves
a general comparison based on the ratio rather than the difference.

The pharmacokinetic rational is based on Westlake (1973, 1988). Westlake
observed that a multiplicative model is postulated for pharmacokinetic measures
in BA and BE studies (i.e., AUC and C,,,, but not T},,,,). Assuming that elimination
of the drug is first order and only occurs from the central compartment, the
following equation holds after an extravascular route of administration:

FD
AUCy_ = — 3.21
0 oL (3.21)
ED
AUC)_., = , (3.22)
(VK,)

where F is the fraction absorbed, D is the administered dose, and FD is the amount
of drug absorbed. CL is the clearance of a given subject that is the product of the
apparent volume of distribution (V') and the elimination rate constant (K,). The use
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of AUC as a measure of the amount of drug absorbed involves a multiplicative term
(CL) that might be regarded as a function of the subject. For this reason, Westlake
contends that the subject effect is not additive if the data are analyzed on the
original scale of measurement.

Logarithmic transformation of the AUC data will bring the CL (VK,) term into
the following equation in an additive fashion:

InAUCy_o, = InF + InD — InV — InK, (3.23)

Note that a more general equation can be written for any multicompartmental
model as:

FD

AUCy o« = W P

(3.24)

where V4 is the volume of distribution relating drug concentration in plasma or
blood to the amount of drug in the body during the terminal exponential phase and
A, 1s the terminal slope of the concentration—time curve.

Similar arguments were given for C,,,. The following equation applies for a
drug exhibiting one compartmental characteristic:

FD .
Cnax = Xe Ke Tmﬂx,

= (3.25)

where again F, D and V are introduced into the model in a multiplicative manner.
However, after logarithmic transformation, the equation becomes as:

INCax = InF + 10D — InV — K, Tmax (3.26)

Thus, log transformation of the C,,,.x data also results in the additive treatment of
the V term.

3.5.2 Data Analysis

3.5.2.1 Average Bioequivalence
3.5.2.1.1 Overview

The analysis of log-transformed BE measures is usually carried out using parametric
(normal theory) methods. To show that two-drug products are equivalent under
average BE using the criterion stated in Sect. 3.3.1, Egs. (3.2) or (3.3), the statistical
analysis can be done in the context of the following hypothesis framework as noted
by Hauck and Anderson (1984). The null hypothesis of nonequivalence is
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Ho : pr — pr < —0a 01 pp — pg > O
and the alternative hypothesis of bioequivalence is given as:
H] . —9A<IUT—,UR<9A

The general approach is to construct a (1 —2a)100 % confidence interval with
a=0.05, i.e., 290 % confidence interval, for the quantity (7 — ), and to conclude
average BE if this confidence interval is contained in the interval [—0,, 8,4]. Due to
the nature of normal-theory confidence intervals, this corresponds to carrying out
two one-sided tests of hypothesis at the 5 % level of significance (Schuirmann
1987) as follows:

Hoi : pr — g < —0a
Hiyp:ppr —pg > =04

and

Ho @ pir — pr > 6
Hip :pp — pp < 0a

The 90 % confidence interval for the difference in the means of the
log-transformed parameters can be calculated using methods appropriate to the
experimental design as described below. The antilogs of the confidence limits
obtained constitute the 90 % confidence interval for the ratio of the geometric
means between the T and R products.

3.5.2.1.2 Nonreplicated Crossover Design

Parametric (normal-theory) procedures can be used to analyze log-transformed BA
measures or the nonreplicated crossover designs. General linear model procedures
available in PROC GLM in SAS or equivalent software are preferred, although
linear mixed-effects model procedures can also be used for analysis of
nonreplicated crossover studies. For example, for a conventional two-treatment,
two-period, two-sequence (2 x2) randomized crossover design, the statistical model
typically includes factors accounting for the following sources of variation:
sequence, subjects nested in sequences, period, and treatment. The Estimate state-
ment in SAS PROC GLM, or an equivalent statement in other software, is used to
obtain estimates for the adjusted differences between treatment means and the
standard error associated with these differences.

The following SAS code illustrates an example of program statements to run the
average BE analysis using PROC GLM in SAS version 9.3, with SEQ, SUBJ, PER,
and TRT identifying sequence, subject, period, and treatment variables,
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respectively, and Y denoting the response measure (e.g., log(AUC) or 1og(Ciax))
being analyzed as follows:

PROC GLM data=;
CLASS SUB PER SEQ TRT;
MODEL Y = SEQ SUB(SEQ) PER
TRT/SS1 SS3;
TEST H=SEQ E=SUB (SEQ) ;
ESTIMATE 'TEST VS REFERENCE' TRT 1 -1;
LSMEANS TRT/CL PDIFF ALPHA=.10;
RUN;

The ESTIMATE statement assumes that the code for T formulation precedes the
code for R formulation in sort order (this would be the case, for example, if T were
coded as 1 and R were coded as 2). If the R code precedes the T code in sort order,
the coefficients in the ESTIMATE statement would be changed to —1 1. These
statements assume that the study is carried out in one group of subjects. Modifica-
tion can be made if the study is carried out in more than one group of subjects.

3.5.2.1.3 Replicated Crossover Designs

For replicated crossover designs, the parametric (normal-theory) procedures can be
used to analyze log-transformed BA measures. Linear mixed-effects model pro-
cedures, available in PROC MIXED in SAS or equivalent software, can be used for
the analysis of replicated crossover studies for average BE.

The following illustrates an example of program statements to run the average BE
analysis using PROC MIXED in SAS version 9.3, with SEQ, SUBJ, PER, and TRT
identifying sequence, subject, period, and treatment variables, respectively, and
Y denoting the response measure [e.g., log(AUC) and log(C\,.x)] being analyzed:

PROC MIXED data=;
CLASS SEQ SUBJ PER TRT;
MODEL Y = SEQ PER TRT/ DDFM=SATTERTH;
RANDOM TRT/TYPE=FAQ (2) SUB=SUBJ G;
REPEATED/GRP=TRT SUB=SUBJ;
ESTIMATE 'T vs. R' TRT 1 -1/CL ALPHA=0.1;
run;

The ESTIMATE statement assumes that the code for the 7 formulation precedes the
code for the R formulation in sort order (this would be the case, for example, if T were
coded as 1 and R were coded as 2). If the R code precedes the T code in sort order, the
coefficients in the Estimate statement would be changed to —1 1. In the Random
statement, TYPE = FAOQ(2) could possibly be replaced by TYPE = CSH. The use of
TYPE = UN is not recommended, as it could result in an invalid (i.e., not nonnegative
definite) estimated covariance matrix. Additions and modifications to these statements
can be made if the study is carried out in more than one group of subjects.
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3.5.2.1.4 Parallel Designs

For parallel designs, the confidence interval for the difference of means in the log
scale can be computed using the total between-subject variance. As in the analysis
for replicated designs above, equal variances should not be assumed.

3.5.2.2 Population Bioequivalence
3.5.2.2.1 Overview

To show that two drug products are equivalent under population BE using the
criterion stated in Sect. 3.3.2, Eq. (3.5) or (3.6), the statistical analysis can be based
on the following hypothesis framework:

Hy : 6 > 6p versus H; : @ < 0p is equivalent to testing the following hypotheses

Hp:#>0 versus Hy : n <0

where
n= (//‘T - ﬂR)z + (O'%T - 0%1?) - 9,,max{a%R, 0'%0}

Analysis of BE data using the population approach should focus first on estima-
tion of the mean difference between the T and R for the log-transformed BA
measure and estimation of the total variance for each of the two formulations.
This can be done using relatively simple unbiased estimators such as the method of
moments (MM) (Chinchilli 1996, and Chinchilli and Esinhart 1996). After the
estimation of the mean difference and the variances has been completed, a 95 %
upper confidence bound for the population BE criterion can be obtained, or equiv-
alently a 95 % upper confidence bound for a linearized form of the population BE
criterion can be obtained. Population BE should be considered to be established for
a particular log-transformed BA measure if the 95 % upper confidence bound for
the criterion is less than or equal to the BE limit, or equivalently if the 95 % upper
confidence bound for the linearized criterion is less than or equal to 0.

To obtain the 95 % upper confidence bound of the criterion, intervals based on
validated approaches can be used. The following section describes an example of
upper confidence bound determination using a population BE approach for a four-
period crossover design as presented in the 2001 Guidance. The 2001 Guidance
adopts the method in Hyslop, Hsuan, and Holder (2000). This method is based on a
method first proposed by Howe (1974) which then was generalized by Graybill and
Wang (1980) and Ting et al. (1990).



80 F.T. Makhlouf et al.

3.5.2.2.2 Method for Statistical Test of PBE Criterion for Four-Period
Crossover Designs

This section describes a method for using the population BE criterion for four-
period crossover design. The procedure involves the computation of a test statistic
that is either positive (does not conclude population BE) or negative (concludes
population BE). Consider the following statistical model which assumes a four-
period design with equal replication of 7 and R in each of s sequences with an
assumption of no (or equal) carryover effects (equal carryovers go into the period
effects):

Yij = pe + Vi + ik + Eijuas (3.27)

where i =1, .. ., s indicates sequence, j = 1, . . ., n; indicates subject within sequence
i, k=R, T indicates treatment, and /= 1,2 indicates replicate on treatment k for
subjects within sequence i.

Yju is the response of replicate / on treatment k for subject j in sequence i,
7ijx represents the fixed effect of replicate / on treatment k in sequence i, J;j is
the random subject effect for subject j in sequence i on treatment k, and &;;, is the
random error for subject j within sequence i on replicate / of treatment k. The ;s
are assumed to be mutually independent and identically distributed as:

8,‘1‘1([ ~ N(O, G‘Z,Vk)

fori=1,...,s,j=1,...,n, k=R, T, and [ =1, 2. Also, the random subject effects
6;j = (UR + Ojjr, pir + 5,:,7)’ are assumed to be mutually independent and distributed as:

2
() (o )]
Hr POBTOBR Opr

The following constraint is applied to the nuisance parameters to avoid over
parameterization of the model for k=R, T:

2

ZZVW =0

i=1 =1

This statistical model proposed by Chinchilli and Esinhart assumes s*p location
parameters (where p is the number of periods) that can be partitioned into
¢t treatment parameters and sp-t nuisance parameters (Chinchilli and Esinhart
1996). This produces a saturated model. The various nuisance parameters are
estimated in this model, but the focus is on the parameters needed for population
BE. In some designs, the sequence and period effects can be estimated through a
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reparametrization of the nuisance effects. This model definition can be extended to
other crossover designs.

The Linearized Criterion (from Sect. 3.3.2, Egs. (3.5) and (3.6)) for the
reference-scaled is given by:

m = (ur — pg)’ + (077 —01r) = 6p 07 <O
And for the constant-scaled is given by:
m = (ur — pg)’ + (677 — o1r) — 6y 079 < O

The estimation of the linearized criterion depends on study designs. The
remaining estimation and confidence interval procedures assume a four-period
design with equal replication of T and R in each of s sequences. The reparame-
trizations are defined as:

1

Urj = 7 (Yir1 + Yir2)
1

Ugij = 7 (Yir1 + Yig2)

1
Vg = NG (Yyr1 = Yir2)

1

Vrij = 7 (Yir1 — Yijr2)
Ly =Yyr. — Yir.
Fori=1,...,sand j=1,.. ., n; where
1 1
Yir. =3 (Yir +Yyr2) and  Yyp = 5 (Yir1 + Yio)

Compute the formulation means pooling across sequences we get:

fr=1/sy . Y, k=RT and A =jiy —jig

where

- 1 n; 1 2
Yie,. = Z EZ Yiju.
g
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Table 3.5 Construction of a (1 —a) level upper confidence for the reference-scaled criterion
population bioequivalence

H, = confidence bound E, = point estimate U,=H,— E,,)2
I B 1/2 2 ED = A2 UD
Hp = <|A | + t1—ans (Szznilﬁ’h) >
i—1
(n—s)~E1 EIZMUT Ul
H=—F%—
)(nfs,a
(n—s) 'Ez E2:05MVT U2
Hy=—"—"—
Infs,a
(n—1s)-E; Es=—(1+6,) -MUg Us
Hy=—%5——
)(n—s,l—a
(n—1s)-Ey E,=—(1+6,)-MVg U,
e .
n—s,1—a

Hy =Y Eg+ (3 U,,)Vz

Compute the variances of Ur;;, Ug;j, Vi), and Vi, pooling across sequences and
denote these variance estimates by MUz, MUy, MVy and MVpg, respectively.
Specifically,

) 2
1 K n; .
MUr = —ZZ (Usz - UTi)
4y
1 K n; 2
MVr = —Z Z (Vrij — Vi)
vr =1 =1
1 s on 2
MUy = —ZZ (Urij — Uri)
oy = =
1 S . 2
MVg = 72 Z (VRij - VR[)
e =1 3

S
ny = ny, = Nyy = Ny, = Ny, = <E ni>—s
i=1

Then, the linearized criterion is estimated by:

iy =A%+ MU +0.5-MVy — (14 0p) - [MUg + 0.5.MV] for the reference-
scaled and 7j, = A%+ MUr 4 0.5-MVy — (1) - [MUg + 0.5MVg] — 6, - o1 for
the constant-scaled.

The (1 —a)% Upper Confidence Bounds for the reference-scaled criterion
(Hm) and the constant-scaled criterion (an) are estimated by finding an upper
or lower confidence limit for each component of #; and #,, respectively.

Table 3.5 illustrates the construction of a (1 — a) level upper confidence bound
based on the two-sequence, four-period design, for the reference-scaled criterion, #;.
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Table 3.6 Construction of a (1 — ) level upper confidence for the constant-scaled criterion in
population bioequivalence

H, = confidence bound E, = point estimate U,= (H,,fE,,)2
I B 1/2 2 ED = AZ UD
Hp= | |A] + ti—ans (Szznilﬁ’h)
i—1
(n—s)~E1 E]ZMUT Ul
H=—F%—
)(nfx,a
(n—s) 'E2 E2=0.5MVT U2
Hy=—"—"—
Infs,a
(VZ*S)'EF, E3=71'MUR U3
Hy =—7>——
)(n—.v,l—a
(n—1s)-Ey E;=—(0.5)-MVy U,
SR
n—s,1—a

Hy, = E,—0p- o+ (3 Uq>l/z

h
Then, H,, = ZEq + (Z Uq> where the sum is over g=D, 1, 2, 3, 4, is the
upper (1 — a) confidence bound for 7;. Use a=0.05 for a 95 % upper confidence

N
bound. Note that, n = Z n;, where s is the number of sequences, 7; is the number of
i=1
subjects per sequence, and ;(ﬁfm is from the cumulative distribution function of the
chi-square distribution with n — s degrees of freedom, i.e., Pr()(g < )(% 2
The confidence bound for the constant-scaled criterion 7, is computed similarly,
adjusting the constants associated with the variance components where appropriate

(in particular, the constant associated with MUk and MVpg). In this case, H,, =

A
ZE‘f —06p '6%0 + (Z Uq> where the sum is over ¢g=D, 1, 2, 3, 4, is the

upper (1 — a) confidence bound for 7, (Table 3.6).

Using the mixed-scaling approach, to test for population BE, compute the 95 %
upper confidence bound of either the reference-scaled or constant-scaled linearized
criterion. The selection of either reference-scaled or constant-scaled approach
depends on the study estimate of total standard deviation of the reference product
(estimated by [MUg +0.5M V%] 12 in the four-period design). If the study estimate of
standard deviation is < oy, the constant-scaled criterion and its associated confi-
dence interval should be computed. Otherwise, the reference-scaled criterion and
its confidence interval should be computed. The procedure for computing each of
the confidence bounds is described above. If the upper confidence bound for the
appropriate criterion is negative or zero, conclude population BE. If the upper
bound is positive, do not conclude population BE.
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For nonreplicated crossover studies, any available method (e.g., SAS PROC
GLM or equivalent software) can be used to obtain an unbiased estimate of the
mean difference in log-transformed BA measures between the T and R products.
The total variance for each formulation should be estimated by the usual sample
variance, computed separately in each sequence and then pooled across sequences.

For replicated crossover studies, the approach is the same as for nonreplicated
crossover designs, but care should be taken to obtain proper estimates of the total
variances. One approach is to estimate the within- and between-subject components
separately, as for individual BE and then sum them to obtain the total variance. The
method for the upper confidence bound should be consistent with the method used
for estimating the variances.

3.5.2.2.3 Parallel Design

For parallel design studies, the estimate of the means and variances is the same as
for nonreplicated crossover designs. The method for the upper confidence bound is
modified to reflect independent rather than paired samples and to allow for unequal
variances.

3.5.2.3 Individual Bioequivalence
3.5.2.3.1 Overview

To show that two drug products are equivalent under individual BE using the
criterion stated in Sect. 3.3.3, Eq. (3.13) or (3.14), the statistical analysis can be
incorporated into the following hypothesis:

Hp : 8 > 61 versus H; : 6 < 6y is equivalent to testing the following hypotheses:

Hy:n>0 versus H;:np <0

where

n=(ur — ug)” + op + (G%VT - U%VR) - Hlmax{afm, U%vo}

Analysis of BE data using an individual BE approach (Sect. 3.3) should focus on
estimation of the mean difference between T and R for the log-transformed BA
measure, the subject-by-formulation interaction variance, and the within-subject
variance for each of the two formulations. For this purpose, the MM approach is
recommended. To obtain the 95 % upper confidence bound of a linearized form of
the individual BE criterion, intervals based on validated approaches can be used.
An example is described in the section below. After the estimation of the mean
difference and the variances has been completed, a 95 % upper confidence bound
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for the individual BE criterion can be obtained, or equivalently a 95 % upper
confidence bound for a linearized form of the individual BE criterion can be
obtained. Individual BE should be considered to be established for a particular
log-transformed BA measure if the 95 % upper confidence bound for the criterion is
less than or equal to the BE limit, or equivalently if the 95 % upper confidence
bound for the linearized criterion is less than or equal to 0. The restricted maximum
likelihood (REML) method may be useful to estimate mean differences and vari-
ances when subjects with some missing data are included in the statistical analysis.
A key distinction between the REML and MM methods relates to differences in
estimating variance terms.

3.5.2.3.2 Method for Statistical Test of Individual Bioequivalence Criterion
for Four-Period Crossover Designs

This section describes a method for using the individual BE criterion for four-
period crossover design. The procedure involves the computation of a test statistic
that is either positive (does not conclude individual BE) or negative (concludes
individual BE). Consider the following statistical model which assumes a
four-period design with equal replication of T and R in each of s sequences
with an assumption of no (or equal) carryover effects (equal carryovers go into
the period effects).

Yij = pi + Vi + Oijec + €ijua (3.28)

where i =1, .. ., s indicates sequence, j =1, . . ., n; indicates subject within sequence
i, k=R, T indicates treatment, and /= 1,2 indicates replicate on treatment k for
subjects within sequence i.

Y;jw 1s the response of replicate / on treatment & for subject j in sequence 7, ;j
represents the fixed effect of replicate / on treatment k in sequence i, & is the
random subject effect for subject j in sequence i on treatment k, and & is
the random error for subject j within sequence i on replicate / of treatment k. The

€;jiss are assumed to be mutually independent and identically distributed as:
2
eyt ~ N (0, o)

fori=1,....s,j=1,...,n, k=R,T, and | =1,2. Also, the random subject effects
8ij= (g + b;jg, pir+ 6;7) are assumed to be mutually independent and distributed as:

2
c CBTO,
5UNN2[<MR>’( BR PBg BR>:|.
HT POBTOBR Opr

The following constraint is applied to the nuisance parameters to avoid overpara-
meterization of the model for k=R, T:
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s 2

ZZYW =0

=1 [=1

This statistical model proposed by Chinchilli and Esinhart assumes s*p location
parameters (where p is the number of periods) that can be partitioned into
¢t treatment parameters and sp-t nuisance parameters (Chinchilli and Esinhart
1996). This produces a saturated model. The various nuisance parameters are
estimated in this model, but the focus is on the parameters needed for individual
BE. In some designs, the sequence and period effects can be estimated through a
reparametrization of the nuisance effects. This model definition can be extended to
other crossover designs.

The Linearized Criteria (from Sect. 3.3.3, Eqgs. (3.13) and (3.14)) for the
reference-scaled is given by:

2
m = (ur — pg)” + 5%) + (JEVT - 0124/13) —0;- 0'124/13

and, for the constant-scaled, by:

2
ny = (ur — pg)~ + 5%) + (G%VT - U%VR) — 6 - 612;[/0

The estimation of the linearized criterion depends on study designs. The
remaining estimation and confidence interval procedures assume a four-period
design with equal replication of T and R in each of s sequences. The reparame-
trizations are defined as:

L =Yyr. — Yyr.
Ty =Yyr —Yir2
Rij = Yir1 — Yijr2

Fori=1,...,sandj=1,..., n; where

1

Y7T = 2 (Y’JTl + YUTZ) and YljR = (YI/RI + YI]R2)

N —

Compute the formulation means, and the variances of ;;, T;;, and R;;, pooling
across sequences, and denote these variance estimates by M;, M7, and Mg, respec-
tively, where

Gy Ao
ﬂk:EZY,-_k”, k=R,T and A =ji;—jig
i=1

n;

1 2
52 Yiu
=1 7 I=1

- 1
Yip. =—
n;

J
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Table 3.7 Construction of a (1 — a) level upper confidence for the reference-scaled criterion in
individual bioequivalence

H, = confidence bound E, = point estimate U,=H,— E,,)2
s 12\ 2 Ep=A>? Up
Hp = | |A|+ ti—an-s (S%ZnilM,)
=1
H = (’;—Zf)'Ml E; =M, U;
Hy = 0,5~(71*S)'MT Er=0.5Mr+ Ur
Hayn—s
Hyp = —(1.546))-(n—5) Mg Er=—(1.5+6)My Ug

Xi-a,n-s

Hy =S B+ (30 U‘,)l/2

1 K n; B
M =6;=— (I; = T))
= =
N
ny = Nnr = NR = ni| —s
=1
5 1 S . 2
1 K n; . 2
MR:OA.%’VR:E (RU_R’)

Then, the linearized criterion is estimated by:

iy =A%+M;40.5-My— (1.5 + 6;) - Mg for the reference-scaled and 7, =
A2+ M;+0.5-Myr —1.5-Mg — 6 - 67, for the constant-scaled.

The subject-by-formulation interaction variance component can be estimated by:

5%:6?_5(5WT+‘7WR)

The (1 — a) % Upper Confidence Bounds for the reference-scaled criterion ()
and the constant-scaled criterion (H,,) are estimated by finding an upper or lower
confidence limit for each component of #; and #, respectively. Table 3.7 illustrates
the construction of a (1 —a) level upper confidence bound based on the two-
sequence, four-period design, for the reference-scaled criterion, 7. Then, H,, =

8
Z E, + (Z Uq) where the sum is over ¢=D,I,T,R, is the upper (1 —a)
confidence bound for ;. Use a=0.05 for a 95 % upper confidence bound. Note that,
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Table 3.8 Construction of a (1 — ) level upper confidence for the constant-scaled criterion in
individual bioequivalence

H, = confidence bound E, = point estimate U,=H,— E,,)2
s 12\ 2 Ep=A2 Up
Hp= [|A]+tians (S%ZnilM)
i=1
H = (';—Zf);Ml E;=M, U;
e — 05)({—)M Er=0.5My Ur
He — 7<1.Zé$’>-7<::>-MR Ex=— (1.5)Mg Uk

Y
]‘1,72 = ZE‘{ — 19166/0 + (z Uq) 2

n= n;, s is the number of sequences, and ;(fm_ , is from the cumulative

S
i=1
distribution function of the chi-square distribution with n — s degrees of freedom,
1.€., Pr()(fl_s S)(i’n _J)=a

The confidence bound for the constant-scaled criterion 7, is computed similarly,
adjusting the constants associated with the variance components where

appropriate (in particular, the constant associated with Mp). In this case, H,, =

Y
ZE‘i — 6 - O'%VO + (Z Uq) where the sum is over ¢g=D,I,T,R, is the upper

(1 — a) confidence bound for #,. This is shown in Table 3.8.

Using the mixed-scaling approach, to test for individual BE, compute the 95 %
upper confidence bound of either the reference-scaled or constant-scaled linearized
criterion. The selection of either reference-scaled or constant-scaled criterion
depends on the study estimate of within-subject standard deviation of the reference
product. If the study estimate of standard deviation is < oy, the constant-scaled
criterion and its associated confidence interval should be computed. Otherwise,
the reference-scaled criterion and its confidence interval should be computed.
The procedure for computing each of the confidence bounds is described above. If
the upper confidence bound for the appropriate criterion is negative or zero, con-
clude individual BE. If the upper bound is positive, do not conclude individual BE.

3.6 Other Considerations

3.6.1 Reference-Scaled Average Bioequivalence

In recent years, FDA has adopted other methods to establish bioequivalence for
certain drug products, such as highly variable drugs (HVD) and narrow therapeutic
index (NTI) drugs. HVD are drugs with within-subject variability (%CV) in BE
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measure of 30 % or greater; see Chap. 6 for more details on HVD. Also, NTI drugs
are those drugs where a small difference in drug concentration may lead to serious
therapeutic failure or adverse events. Chapter 8 describes NTI drugs.

Studies designed to show that generic HVDs are bioequivalent to their
corresponding reference HVDs need to enroll a large number of subjects even
when the two drugs have no significant differences in mean. Clinical data strongly
support a conclusion that HV drugs have wide therapeutic indices. Otherwise, there
would have been significant safety issues and lack of efficacy during the pivotal
safety and efficacy clinical trials required for initial FDA marketing approval
(Davit et al. 2012). Hence, wider BE intervals might be acceptable to avoid
unnecessary human testing On the other hand, other drugs, such as NTI drugs,
may pose serious health consequences and the BE limits need to be tightened. With
these considerations in mind, a new method was developed by the FDA in the
Office of Generic Drugs. This method is called reference-scaled average bioequiv-
alence (RSABE). In this approach, the BE acceptance limits are scaled to the
variability of the reference product.

For the two products to be considered RSABE, the following criterion is
recommended for the log-transformed measures of BE measures such as AUC
and Cpax.

2
(r 2/"R) < o (3.29)

Owgr

where p7 is the population average response of the log-transformed measure for the
Test formulation, pg is the population average response of the log-transformed
measure for the Reference formulation, o3, is the population within-subject vari-
ance of the reference formulation, and 5= [ln(A)]z/cr‘zVO is the BE limit; A and O'%VO
are predetermined constants set by FDA.

In this case, the null hypothesis of nonequivalence is

2
(ﬂT — ﬂR)
2
OwR

Hy : > O

and the alternative, of bioequivalence, is given as:

2
(llT 2/413) < o,
Owr

H12

with testing usually at level @ =0.05.
The alternative hypothesis H; may be rewritten as:

Hy: (ﬂT*ﬂR)Z*GSG%VR <0
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The strategy for testing this hypothesis is to obtain a 1 — a (i.e., 95 %) upper
confidence bound for the quantity (uy — /JR)2 — BSU%VR, and to reject Hy in favor of
H, if this confidence bound is less than or equal to zero. A method for obtaining the
upper confidence bound is Howe’s Approximation I (Howe 1974).

3.6.2 Multiple Groups

If a crossover study is carried out in two or more groups of subjects (e.g., if for
logistical reasons only a limited number of subjects can be studied at one time), the
statistical model should be modified to reflect the multigroup nature of the study.
In particular, the model should reflect the fact that the periods for the first group are
different from the periods for the second group. This applies to all of the approaches
(average, population, and individual BE) described in this chapter. The multigroup
analysis is beyond the scope of the material covered in this chapter.

A sequential design, in which the decision to study a second group of subjects is
based on the results from the first group, calls for different statistical methods and
is outside the scope of this chapter.

3.6.3 Carryover

Use of crossover designs for BE studies allows each subject to serve as his or her
own control to improve the precision of the comparison. One of the assumptions
underlying this principle is that carryover effects (also called residual effects) are
either absent (the response to a formulation administered in a particular period of
the design is unaffected by formulations administered in earlier periods) or equal
for each formulation and preceding formulation. If carryover effects are present
in a crossover study and are not equal, the usual crossover estimate of (u; — ug)
could be biased. One limitation of a conventional two-formulation, two-period,
two-sequence crossover design is that the only statistical test available for the
presence of unequal carryover effects is the sequence test in the analysis of variance
(ANOVA) for the crossover design. This is a between-subject test, which would
be expected to have poor discriminating power in a typical BE study. Furthermore,
if the possibility of unequal carryover effects cannot be ruled out, no unbiased
estimate of (47 — ugr) based on within-subject comparisons can be obtained with this
design.

For replicated crossover studies, a within-subject test for unequal carryover
effects can be obtained under certain assumptions. Typically only first-order car-
ryover effects are considered of concern (i.e., the carryover effects, if they occur,
only affect the response to the formulation administered in the next period of the
design). Under this assumption, consideration of carryover effects could be more
complicated for replicated crossover studies than for nonreplicated studies. The
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carryover effect could depend not only on the formulation that proceeded the
current period but also on the formulation that is administered in the current period.
This is called a direct-by-carryover interaction. The need to consider more than just
simple first-order carryover effects has been emphasized (Fleiss 1989). With a
replicated crossover design, a within-subject estimate of yu-uy unbiased by general
first-order carryover effects can be obtained, but such an estimate could be impre-
cise, reducing the power of the study to conclude BE.

In most cases, for both replicated and nonreplicated crossover designs, the
possibility of unequal carryover effects is considered unlikely in a BE study
under the following circumstances:

¢ Itis a single-dose study.

¢ The drug is not an endogenous entity.

¢ More than an adequate washout period has been allowed between periods of the
study and in the subsequent periods the predose biological matrix samples do not
exhibit a detectable drug level in any of the subjects.

¢ The study meets all scientific criteria (e.g., it is based on an acceptable study
protocol and it contains sufficient validated assay methodology).

The possibility of unequal carryover effects can also be discounted for multiple-
dose studies and/or studies in patients, provided that the drug is not an endogenous
entity and the studies meet all scientific criteria as described above. If a carryover
effects are an issue a parallel design may be conducted for BE study.

3.6.4 Outlier Consideration

Outlier data in BE studies are defined as subject data for one or more BA measures
that are discordant with corresponding data for that subject and/or for the rest of the
subjects in a study. Because BE studies are usually carried out as crossover studies,
the most important type of subject outlier is the within-subject outlier, where one
subject or a few subjects differ notably from the rest of the subjects with respect to a
within-subject 7-R comparison. The existence of a subject outlier with no protocol
violations could indicate either product failure or subject-by-formulation-interaction.

Product failure could occur, for example, when a subject exhibits an unusually
high or low response to one or the other of the products because of a problem with
the specific dosage unit administered. This could occur, for example, with a
sustained and/or delayed-release dosage form exhibiting dose dumping or a dosage
unit with a coating that inhibits dissolution.

A subject-by-formulation interaction could occur when an individual is repre-
sentative of subjects present in the general population in low numbers, for whom
the relative BA of the two products is markedly different than for the majority of the
population, and for whom the two products are not bioequivalent, even though they
might be bioequivalent in the majority of the population.
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In the case of product failure, the unusual response could be present for either the
T or R product. However, in the case of a subpopulation, even if the unusual
response is observed on the R product, there could still be concern for lack of
interchangeability of the two products. For these reasons, deletion of outlier values
is generally discouraged, particularly for nonreplicated designs. With replicated
crossover designs, the retest character of these designs should indicate whether to
delete an outlier value or not.

3.6.5 Clinical Endpoints

Sometimes the nature of the drug products is such that a clinical endpoint study in
patients is the only feasible approach to BE assessment. Most clinical endpoint BE
studies use a parallel design. Clinical endpoint may be binary (e.g., cure/no cure and
success/failure), categorical (e.g., a 4-point scale, 0="absent” to 3="Severe”), and
essentially continuous (e.g., lesion counts and averaged scales over several
assessments).

Typically, a placebo arm is included in the study, unless there is a compelling
reason not to. To ensure that the study was capable of finding a difference if it was
there, each active treatment (7 and R) must be statistically significantly better than
placebo in the study.

Equivalence criteria will depend on the nature of the endpoint. For binary
endpoints (success/failure), typically the difference between the success probabil-
ities must be shown to fall within the interval [—0.2, 0.2]. For essentially continuous
endpoints, the criterion is usually similar to that used for PK BE studies. Analysis is
dependent on the type of endpoint, nature of the measurement, and other study
design features.
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Chapter 4
The Effects of Food on Drug Bioavailability
and Bioequivalence

Wayne L. DeHaven and Dale P. Conner

4.1 Mechanisms How Food Can Affect Drug
Bioavailability

The absorption of an orally dosed drug product involves the dissolution, or release,
of the active component from the drug product into the surrounding GI fluids. Once
dissolved, the active drug substance is absorbed through the wall of the GI tract into
the systemic circulation, where it reaches its target site of action. The rate and
extent of the drug absorption is considered its bioavailability (BA), defined in more
detail later in this chapter. While simplistic in concept, this process is quite
involved. Several factors, including gastric and intestinal pH, gastric emptying,
intestinal transit, formulation release (i.e., immediate- or controlled-release formu-
lations), drug dissolution, and diffusion all come in to play (Fleisher et al. 1999). Of
course, the presence of food in the GI tract can and does influence all of these
factors (Welling 1996). This section discusses some of the ways food can affect
drug absorption, giving specific examples along the way.

4.1.1 Gastrointestinal pH

The drug concentration in the lumen of the GI tract is a factor of the drug dissolution
rate, which is influenced by the pH within the lumen of the GI tract. Some drugs are
highly soluble and dissolve rapidly in the physiologically relevant pH range of 1-7.5.
This chapter discusses these drugs further at the beginning of Sect. 4.3.
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However, for many of today’s drugs, the rate of dissolution is intimately dependent
upon the GI pH.

This is illustrated by looking at the solubility of weak acid and weak base drug
substances, which encompass a large portion of the currently marketed drugs in the
USA. The solubility of these compounds depends on the ionization constant (K,) of
the particular drug substance and the pH of the GI fluids (Horter and Dressman
2001). Weakly acidic drug substances generally increase in solubility in a linear
relationship at pH values, which exceed pH = pK, + 1 until the limiting solubility of
the ionized form of drug is reached (Horter and Dressman 2001). The opposite is
true for weak bases. Therefore, weakly basic drug substances will often dissolve
well in the acidic environment of the stomach, whereas weakly acidic drug sub-
stances will not dissolve until after they exit the stomach and reach the more
alkaline environment of the small intestine (also usually where absorption occurs).
Thus, the pH of the GI fluids plays an important role in the solubility of many drug
substances. This, in turn, is a critical step in drug absorption and BA. Of course,
how the drug substance is formulated into a final drug product will also be critical in
determining its dissolution rates in various GI tract pH environments (e.g., enteric
coating excipients, etc.), and subsequently the overall BA of the drug.

4.1.2 GI Tract pH Changes Which Occur After a Meal

In the fasting state, the gastric pH is held approximately at pH 1.5-2, whereas the
duodenal pH has been reported at approximately pH 6.5 (Malagelada et al. 1976;
Dressman et al. 1990; Russell et al. 1993; Charman et al. 1997; Horter and
Dressman 2001). The pH of gastric fluids rises dramatically in the duodenum
due, in part, from the pancreatic bicarbonate added to the digestive mix of fluids
and food components. The jejunum pH typically ranges between 6 and 7, whereas
the ileum pH is reported as 6.5-8 (Evans et al. 1988; Charman et al. 1997; Horter
and Dressman 2001). These pH values vary from person to person and are
influenced by a variety of factors such as age, physical activity, and overall health
(Charman et al. 1997).

After eating a meal, signals to the parietal cells lining the stomach cause an
increase in the secretion of acid into the stomach. Likewise, pancreatic bicarbonate
fluid secretion elevates and the chyme in the duodenum is partly neutralized. Bile is
also added to the chyme in order to help in the digestion of fats in the food.

Despite the increase in stomach acid output right after a meal, the gastric pH may
actually elevate for a brief time (Horter and Dressman 2001). This is likely caused
by the ingested foods’ ability to buffer and dilute the acid produced in the stomach.
A few studies have been conducted looking at the early effects of food on gastric
pH, and they generally come to a consensus that the gastric pH increases to
approximately pH 5 shortly after ingestion of a meal (approximately 10 min after
meal) and returns to the fasting state pH in approximately 1.5-2 h (Charman
et al. 1997; Malagelada et al. 1976, 1977).



4 The Effects of Food on Drug Bioavailability and Bioequivalence 97

This change in the gastric pH shortly after a meal has the potential to influence
the solubility, and thus BA, of a drug substance. Let us reconsider weak acid and
weak base drug substances formulated as immediate-release drug products, but now
let us consider these drugs as it pertains to gastric pH differences between the fasted
and fed states. First, let us reconsider the weak bases, since in the fasted state these
drugs generally dissolve well in the acidic environment of the stomach. What can
the temporary elevation of gastric pH possibly do to the solubility and dissolution
rate of a weak base? Well, the elevated gastric pH may reduce the dissolution of a
weak base drug, leaving poorly water-soluble weak bases vulnerable to the
pH-related changes in gastric pH. Further, upon gastric emptying, drug precipita-
tion may occur from the combined effects of food on gastric pH and gastric
emptying rates (which slows down when food is present. This is discussed later).
Predictably, the overall food-effect on absorption would be decreased BA of the
drug substance. For instance, ketoconazole is a weak basic drug shown to reduce
BA when gastric pH is elevated (Charman et al. 1997).

Conversely, weak acids may show increased solubility in the stomach when
coadministered with a meal due to the temporary elevation in gastric pH. This may
lead to increased absorption.

Many drug products are formulated as modified-release products (e.g., delayed-
release or extended-release), which often modify the release of the drug substance
through a pH-dependent mechanism. For instance, enteric coatings are designed to
protect the drug substance from the acidic environment of the stomach and release
the drug once it reaches the more alkaline environment of the duodenum. The food-
effects on gastric pH may also influence some of these enteric coatings, especially if
the pH range in which it dissolves is around pH 5 (i.e., the approximate pH of the
stomach contents right after meal ingestion), which could cause premature release
of the active ingredient from the modified-release formulation. Conversely, lower
duodenal pH (e.g., when pancreatic bicarbonate has not completely buffered the
acidic chyme after a meal) could prevent dissolution because the pH threshold of
the enteric coating is not reached (Charman et al. 1997). In either scenario, the oral
BA may be compromised after dosing with a meal.

4.1.3 Gastric Emptying

Later in this chapter, gastric emptying will be discussed as it relates to its influence
on the absorption of some BCS class 1 drug substances formulated as immediate-
release drug products (BCS class 1 drug products contain highly soluble and highly
permeable drug substance). Since BCS class 1 drugs rapidly dissolve independent
of pH, generally the only effect of food on drug absorption of these drugs is from
changes in gastric emptying (FDA’s Guidance for industry: waiver of in vivo
bioavailability and bioequivalence studies for immediate-release solid oral dosage
forms based on a biopharmaceutics classification system, 2000). However, gastric
emptying also impacts other drugs, which are not highly soluble and permeable.
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Delayed gastric emptying can influence how long it will take a drug to dissolve and
how long the dissolved drug will be present at high enough concentrations to be
adequately absorbed. Multiple factors control the rate of gastric emptying. These
factors include stomach content volume, pH, meal caloric breakdown (i.e., fats,
proteins, and carbohydrates) and total calories, osmolarity, viscosity, and temper-
ature of the stomach contents (Fleisher et al. 1999). The consensus from the
scientific community is that solid meal contents empty more slowly than liquid
meal contents, but the liquid caloric contents also slows gastric emptying (Collins
et al. 1996; Camilleri et al. 1985). Therefore, if a drug product dissolves completely
in the stomach when food is present, then it may leave the stomach earlier than a
drug product which does not dissolve within the stomach. However, if the latter
drug product disintegrates to a small enough particle size (data suggests less than
2 mm diameter; Meyer et al. 1985), then this drug will also leave the stomach earlier
with the liquid component of the gastric contents.

After a meal, physiological changes in the GI tract occur which allow for proper
breakdown, followed by absorption of the nutrients contained in the meal. In
general, the delayed gastric emptying has the potential to increase absorption of
some poorly water-soluble drugs due to increasing the potential dissolution time,
thus increasing the amount of soluble drug available for BA. In contrast, absorption
of unstable drugs might go down when dosed with a meal due to the increased
amount of time the drug is within the harsh GI environment. An example of this is
seen with the antiretroviral nucleoside analog didanosine (Davit and Conner 2008).
Didanosine is acid labile, so it is formulated as buffered tablets and capsules with
delayed-release beads, although these formulations clearly do not completely
protect the drug substance from the food-effects on gastric emptying. Studies
have shown that when the buffered tablet was given after a meal (up to 2 h after),
the didanosine C,,x and AUC both decreased by approximately 55 % compared to
administration in the fasting state (Bristol-Myers Squibb, Videx® labeling 2006).
When the delayed-release capsules with enteric coated beads were given with food,
Ciax and AUC decreased by approximately 46 % and 19 %, respectively, when
compared to administration in the fasting state (Bristol-Myers Squibb, Videx EC®
labeling 2011). Despite the formulations attempting to protect the drug substance
from the gastric environment, the food-induced delay in gastric emptying caused a
significant decrease in BA in the acid labile drug, didanosine. Of course, the FDA
labeling for these products recommend taking on an empty stomach.

In contrast, the BA of the antibacterial drug nitrofurantoin is increased in the
presence of food due to the delayed gastric emptying resulting in increased disso-
lution, and therefore, increased absorption (Maka and Murphy 2000). Bioavailabil-
ity of nitrofurantoin is increased by approximately 40 % when dosed after a meal.
The FDA-approved nitrofurantoin labeling states that it should be dosed with food
to improve drug absorption (Procter & Gamble, Macrobid® labeling 2009).

Formulation scientists are trying to take advantage of the residence time a
dosage form remains in the stomach in order to enhance the BA of certain drug
substances. One case-in-point formulation is for gastro-floating tablets of cepha-
lexin (Yin et al. 2013). Floating drug delivery systems are unique and promising in
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that they do not affect the motility of the GI tract. Rather, they simply float on top of
the gastric contents.

Cephalexin is a broad-spectrum antibiotic which can be used to treat a wide
range of bacterial infections (Shionogi, Inc., Keflex® labeling 2006). It is a lipo-
philic weak acid that is stable in gastric conditions but degrades within the more
alkaline intestinal environment. It is well absorbed but has a very short half-life of
approximately 1 h; therefore, immediate-release dosage forms must be dosed
multiple times per day. Sustained-release formulations exist (not marketed in the
USA), but the BA of these products is reduced due to the instability in the intestine
and the narrow absorption window (Yin et al. 2013). Thus, the idea is a formulation
which is maintained in the stomach and slowly released might provide improved
BA when compared to the conventional sustained-release formulations.

Yin et al. tested this idea and demonstrated using hydroxypropyl methylcellulose
(HPMC) as matrix and sodium bicarbonate as a gas forming agent, that the fasting
relative BA of cephalexin (in beagle dogs) increased from 39.3 % in the conven-
tional sustained-release formulation, up to 99 % in the gastro-floating tablet.
Interestingly, when administered after a meal, conventional capsule C,.x was
reduced approximately 20 % and T,,,.x was significantly prolonged. However, for
the floating tablets, a very small increase in Cp,,x and T,.x was observed. Thus,
because the tablets were floating on the gastric contents, food and gastric emptying
had little to no significant impact on the rate and extent of absorption (as measured
by Craxs Tmax and AUC), while it had a significant effect on the absorption of the
conventional capsules.

4.1.4 Intestinal Transit

Food has little of an effect on the small intestinal transit time (Yu et al. 1996;
Fleisher et al. 1999). The small intestine transit takes approximately 4 h regardless
of fasted or fed conditions. However, some drug substances or excipients can speed
up the transit time of the intestine (Birkebaek et al. 1990; Adkin et al. 1995; Yuen
2010). Perhaps the more important differences between the fasted and fed environ-
ment of the small intestine, as they relate to drug absorption and BA, have to do
with changes in pH, viscosity, enzymatic activity, complexation, chelation, and
physical barriers to drug absorption, all of which might occur within the lumen of
the small intestine.

4.1.5 Stimulate Bile Flow and Pancreatic Excretions

Bile is released from the gall bladder after a meal and enters the duodenum through
the bile duct past the sphincter of Oddi. This results in elevated concentrations of
bile salts in the small intestine. Besides functioning as a route of excretion for
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bilirubin, the function of bile in the digestive process is as a surfactant helping to
emulsify the fats in food. Bile salts, containing both hydrophobic and hydrophilic
sides, aggregate around the ingested fats forming micelles, greatly improving the
body’s ability to absorb these fats from the diet. Thus, for poorly soluble lipophilic
drugs, dosing with a high-fat meal may enhance solubility and dissolution in the
duodenum due to the presence of elevated bile salts compared to the fasting state
(Charman et al. 1997; Fleisher et al. 1999). This, in turn, can increase the BA of the
drug. Conversely, there is evidence that a high-fat meal-evoked increase in bile salt
secretion reduces the solubility and dissolution for some hydrophilic compounds,
thus reducing their BA.

Atenolol is a cardio-selective B-adrenoceptor antagonist used in treating hyper-
tension and angina. Unlike the lipophilic B-blockers (e.g., propranolol or metopro-
lol), the hydrophilic atenolol does not go through extensive first-pass metabolism
(Barnwell et al. 1993). Approximately only 50 % of atenolol becomes bioavailable
due to poor absorption, and food intake can further reduce the absorption of atenolol
(Tenormin® labeling, Astrazeneca 2012). In vivo data from Barnwell et al. suggests
that bile acids can reduce the BA of atenolol by approximately 30 %. This reduction
could not be explained by poor dissolution or degradation of the atenolol. Only
Cmax and AUC were affected with no significant differences in T,,,x and half-life
observed (Barnwell et al. 1993).

4.1.6 Increase Splanchnic Blood Flow

Splanchnic blood flow can affect drugs, which are passively absorbed (e.g.,
paracellular absorption) by influencing the concentration gradient across the mem-
brane (McLean et al. 1978; Toothaker and Welling 1980; Melander a