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Abstract. Over the past decade, concerns have been expressed increasingly regarding the difficulty for

highly variable drugs and drug products (%CV greater than 30) to meet the standard bioequivalence

(BE) criteria using a reasonable number of study subjects. The topic has been discussed on numerous

occasions at national and international meetings. Despite the lack of a universally accepted solution for

the issue, regulatory agencies generally agree that an adjustment of the traditional BE limits for these

drugs or products may be warranted to alleviate the resource burden of studying relatively large

numbers of subjects in bioequivalence trials. This report summarizes a careful examination of all the

statistical methods available and extensive simulations for BE assessment of highly variable drugs/

products. Herein, the authors present an approach of scaling an average BE criterion to the within-

subject variability of the reference product in a crossover BE study, together with a point-estimate

constraint imposed on the geometric mean ratio between the test and reference products. The use of a

reference-scaling approach involves the determination of variability of the reference product, which

requires replication of the reference treatment in each individual. A partial replicated-treatment design

with this new data analysis methodology will thus provide a more efficient design for BE studies with

highly variable drugs and drug products.

KEY WORDS: bioequivalence; highly variable drugs; highly variable drug products; scaled average
bioequivalence; statistical approach; study design.

INTRODUCTION

In the USA, 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 pharmaceu-
tical 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 (1). BE studies of systemically absorbed drug
products are generally conducted by determining pharmaco-
kinetic endpoints to compare the in vivo rate and extent of
drug absorption of a test and a reference drug product in
healthy subjects. A test product is considered bioequivalent
to a reference product if the 90% confidence intervals for the

geometric mean test/reference ratios of the area under the
drug_s plasma concentration versus time curve (AUC) and
peak plasma concentration (Cmax) both fall within the
predefined BE limits of 80–125% (2).

The width of the 90% confidence interval is proportional
to the estimated drug variability (in particular, within-subject
variability for a crossover design) and inversely proportional
to the number of subjects participating in the study. The BE
limits of 80–125% are currently applied to almost all drug
products regardless of the size of within-subject variability.
As a result, the number of subjects required for a study of
highly variable drugs or drug products can be much greater
than normally needed for a typical BE study. For example, to
demonstrate BE with 90% power, it was estimated that 136
subjects would be required for a drug with 60% within-
subject coefficient of variation even if the test and reference
products were identical (3).

It is believed that drugs with high within-subject
variability generally have a wide therapeutic window; in
other words, despite high variability, these products have
been demonstrated to be both safe and effective (4). Thus,
applying the conventional BE criteria to highly variable
drugs/products may unnecessarily expose a large number of
healthy subjects to a drug when this large number of subjects
is not needed for assurance of BE. For these reasons,
scientists and statisticians at the US Food and Drug
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Administration (FDA) investigated various approaches avail-
able for determining BE that would reduce the sample size
required for a BE study, without allowing for therapeutically
inequivalent products to reach the market. In this paper, we
offer the results and preliminary conclusions of this work,
and present results from a research project testing a new
proposal.

BACKGROUND

Traditional Bioequivalence Method

For systemically available drug products, FDA generally
asks applicants to conduct BE studies with pharmacokinetic
endpoints using a single dose, crossover design in healthy
subjects. Subjects receive a single dose of test and reference
products on separate occasions with random assignment to
the two possible sequences of product administration. Treat-
ments are separated by a washout period of adequate
duration such that the drug of interest can no longer be
detected in plasma. The FDA generally asks applicants to
conduct single dose studies rather than multiple dose studies
because single dose studies are generally more sensitive to
detecting potential differences between products (2). For a
product with multiple strengths, the highest strength is used
in the BE study, unless precluded for reasons of safety. The
number of subjects in the study should be sufficient to ensure
adequate statistical power; most studies enroll from 24 to 36
subjects.

The bioequivalence parameters AUC and Cmax, are
statistically analyzed using the two one-sided tests procedure
to determine whether the average values for the measures
estimated after administration of the test and reference
products are comparable (5). This approach involves the
calculation of a 90% confidence interval for the ratio of the
averages of the measures for the test and reference products
(6). The choice of the current 80 to 125% acceptance limits
for BE has been based on expert medical judgment and FDA
experience with thousands of drug products that a difference
of less than 20% in drug exposure was not clinically
significant for most drugs (7). The 80% limit indicates that
the test product is no less than 80% of the reference, while
the 125% limit indicates that the reference product is no less
than 80% of the test product (a 4:5 reference to test ratio is a
5:4 test to reference ratio).

Highly Variable Drugs and Drug Products

Concerns have been expressed at times regarding the
difficulty of meeting the standard BE criteria for highly
variable drugs and/or drug products (8, 9). For our discussion
of BE, we consider drugs and drug products exhibiting
within-subject variability of 30% (C.V., coefficient of varia-
tion) or greater in the pharmacokinetic measures AUC and/
or Cmax to be highly variable. FDA_s Office of Generic Drugs
(OGD) estimates that approximately 10% of the submitted
BE studies from Abbreviated New Drug Applications
(ANDAs) showed some evidence of high variability (10).
Examples exist where a highly variable reference product
failed to demonstrate BE when compared to itself in a BE
study using the standard design/sample size (10).

International Approaches for Evaluation of Bioequivalence

Although global harmonization is a general goal, the
International Conference on Harmonization (ICH) to date has
not acceptedBEas a topic. Nonetheless, the resource and ethical
concerns for highly variable drugs/products in BE are generally
recognized by international regulatory agencies. It is thus useful
to review the differing regulatory approaches (listed below)
before an informed recommendation is made on the topic.

Health Canada applies a bioequivalence limit of 80–125%
on the 90%confidence interval of theAUCratio between the test
and reference product for drugs with uncomplicated character-
istics, which is similar to the FDA_s practice. For Cmax, however,
Health Canada only requests that the mean test/reference ratio,
or Bpoint estimate,^ fall between 80–125% (11,12). Health
Canada allows investigators to add more subjects to a BE study
if random variation or a larger than expected relative difference
is observed. This option may be used only when it is stated in
the study protocol, the same protocol is used for the additional
subjects, and consistency between the groups is demonstrated at
an alpha error rate of five percent.

The European Agency for the Evaluation of Medicinal
Products (EMEA) has similar BE standards to those applied by
the FDA, i.e., 90% confidence limits of onAUC andCmax must
fall within 80–125% (13). However, EMEA guidelines suggest
expanding the limits for Cmax (e.g., 75–133%) in certain cases,
provided that there are no safety or efficacy concerns (13).

Japan_s National Institute of Health, Division of Drugs
also applies the bioequivalence limits of 80–125% on the
90% confidence interval for both AUC and Cmax (14).
However, wider limits are allowed for Bless potent^ drugs.
Additionally, if the study confidence intervals are outside of
80–125% limits BE may still be claimed provided that the
study meets all three conditions listed below (14):

1) The total number of subjects in the initial BE study is
no less than 20 (n=10/group), or pooled sample size of
the initial and add-on studies is no less than 30;

2) The differences in average values of logarithmic
AUC and Cmax between two products are between
log (0.9)–log (1.11); and

3) Dissolution rates of test and reference products are
determined to be equivalent under all dissolution
testing conditions specified.

Japan_s National Institute of Health allows the addition
of subjects to increase the power of a failed BE study.
However, the add-on subjects cannot be less than half the
number in the original study (14).

NEW APPROACHES EVALUATED BY THE FDA

At the April 2004 meeting of the Advisory Committee
for Pharmaceutical Science (ACPS), several approaches were
presented for the BE evaluation of highly variable drugs and
the Committee members were asked for their opinion about
each proposed method (15). The approaches discussed are
listed below.

A. Direct Expansion of Bioequivalence Limits
Sample size in BE studies is determined, in large
part, by the bioavailability parameter with the high-
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est variability. In most cases, Cmax has higher variabil-
ity than AUC. Thus, widening of the BE limits for
Cmax has been proposed to reduce the sample size
needed in the evaluation of BE for highly variable
drugs/products. The greater variability observed with
Cmax may result from the fact that this parameter is a
single point measurement, which is highly dependent
on the sampling time/frequency and gastrointestinal
physiology. This is the EMEA approach.

B. Expansion of Bioequivalence Limits Based on Fixed
Sample Size
This method was proposed based on the notion that
only a reasonable number of subjects should be
required for a BE study (16). The number of subjects
is fixed by a standard two-period, crossover study
comparing the reference product with itself where the
study fails to meet the 80–125% limit. The confidence
interval obtained from the reference product in this
study would become the Bgoalposts^ for the subse-
quent studies comparing the test with reference
product, using the same number of subjects (8,16).

C. Widening of Bioequivalence Limits Based on Refer-
ence Variability
The bioequivalence limits for these methods are not
determined by the sample size. Rather, they are scaled
based on the within-subject variability of the reference
product. Three different methods for widening of BE
limits based on reference variability are described
below. ForMethods 2 and 3, an additional condition to
constrain the mean difference between the test and
reference products has also been proposed.
Method 1: The rationale for this approach is that a

mean difference of 25% is considered small
relative to the range of values an individual
may experience when the within-subject
variability is high, e.g., 40%. Therefore, the
acceptable limits may be scaled in relation
to the size of within-subject variability as
follows (16):

U;L½ � ¼ Exp �k�WR½ � ð1Þ

where U and L are the upper and lower
limits, respectively; k represents the p-th
percentile of the standard normal distribu-
tion, Zp; and sWR is the estimated within-
subject standard deviation (estimated from
the ANOVA on the log scale) for the
reference product. When k=1, õ67% of the
pharmacokinetic measures (such as AUC)
experienced by an individual will be within
the range of [U, L]. Different k values could
be chosen for different drugs depending on
their therapeutic windows.

Method 2: This is a scaled average BE approach
(17–20). Mathematically, it may be expressed
as follows:

�T � �Rð Þ2
.
�2
WR � � ð2Þ

where mT and mR are the averages of the log-
transformedmeasure for the test and reference
products, respectively; and q is the BE limit.

Method 3: This method is an individual BE ap-
proach derived from the comparison of the
distance measure between the test and refer-
ence products. The following criterion has a
reference variance in the denominator, and
thus is scaled to the reference variability (6):

�T � �Rð Þ2 þ �2WT � �2WR

� �þ �2
D

h i.
�2WR � �I

ð3Þ

where sWT is the estimated within-subject
standard deviation for the test product; �2D is
the subject-by-formulation interaction vari-
ance component; and qI is individual bio-
equivalence limit.

D. Expansion of Bioequivalence Limits Based on Sam-
ple Size and Scaling
In addition to fixing the sample size, this method
takes into consideration the producer_s risk (Type II
error) and reference variability (16). The equation
for the allowable limits is:

U;L½ � ¼ Exp � t� þ t�=2
� �

n�1=2�WR

� � ð4Þ

where a and b are the consumer and producer risks,
respectively; 2n is the number of subjects desired in
the study; and t is the percentile of the t-distribution
with 2nj2 degrees of freedom.

SIMULATION RESEARCH

At the conclusion of the April 2004 ACPS meeting (15),
the Committee favored approach C, particularly Method 2,
for BE evaluation of highly variable drugs/products. The
FDA was encouraged to further investigate the scaled
average BE approach and consider the use of a point
estimate constraint to reduce the possibility of approving a
drug product based on a study with a large difference in the
test and reference means.

Following the ACPS recommendation, the FDA Work-
ing Group on Highly Variable Drugs (FDA Working Group)
initiated simulations that compared the power of a given
study design when using scaled average BE with unscaled
average BE. The design used in this simulation has a three-
way crossover, partial replicate design, where the reference
(R) product is given twice and the test (T) product is given
once (e.g., R T R). The goal of the study was to evaluate the
impact of reference-scaled average BE on the statistical
power, or the percent of studies passing the BE criteria,
under various conditions. Several factors were tested, includ-
ing different sample sizes, different values of sW0 (a constant
to be defined by regulatory agencies), the presence or
absence of point estimate constraints, and different levels of
within-subject variability. Preliminary results of this study
were presented at the October 2006 ACPS meeting (21). A
more complete description of the study and the results will be
provided in the future (manuscript under preparation).
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FDA PROPOSAL FOR BE EVALUATION OF HIGHLY
VARIABLE DRUGS

Based on the results of the above study, the FDA
proposed a method for BE evaluation of highly variable
drugs at the ACPS meeting in October 2006. The Committee
endorsed this proposal, with specifics regarding sample size
and regulatory constants to be determined by the Agency.
Additional simulations have been conducted by the FDA
since then, to refine the details of the proposed approach.
The results of these simulations will be reported elsewhere.
Outlined below is the general approach.

Proposed Study Design

For drugs with an expected within-subject variability
of 30% or greater, a BE study with three-period, refer-
ence-replicated, crossover design with sequences of TRR,
RTR, and RRT is proposed. Specifically, subjects receive a
single dose of the test product once and reference product
twice on separate occasions with random assignment to the
three possible sequences of product administration. This
partial replicate design allows for the estimation of within-
subject variability for the reference product. Treatments
should be separated by a washout period of adequate
duration such that the drug of interest can no longer be
detected in plasma. Subjects recruited for in vivo BE
studies should be 18 years of age or older, and capable of
giving informed consent unless otherwise indicated by a
specific guidance. It is the sponsor_s responsibility to
determine the sample size needed to achieve the desired
power in a study; however, the minimum number of subjects
that would be acceptable is 24.

The three-period design was selected over a four-period
design because of efficiency. The only advantage of the four-
period design is that it allows the calculation of the variability
of the test product. The test product variability is not used in
the proposed statistical method. Some concern has been
raised that an ANDA sponsor may produce a product that
has higher variability than the reference product. However,
under the recommended design, ANDA sponsors that design
a product of lower variability than the reference product will
need a smaller number of subjects to pass. A disadvantage of
the four-period design is that the dropout rate for studies
increases with the length of the study. Nevertheless, sponsors
may use the four-period design to demonstrate the BE for
their highly variable drug products.

Statistical Analysis of Bioequivalence

In the analysis of a bioequivalence study, the measure-
ments of both Cmax and AUC are subject to the following
procedure. The measurement for each subject is log-
transformed and the averages, mT and mR, of the test and
reference products are calculated. The within subject vari-
ability of the reference product, �2

WR , is also calculated.
There are two parts to the proposed bioequivalence

criteria, a scaled average bioequivalence evaluation and a
point estimate constraint. In order to demonstrate bioequi-
valence both parts must pass. Scaled average bioequivalence

for both AUC and Cmax is evaluated by testing the following
null hypothesis

H0 :
�T � �Rð Þ2

�2
WR

> � ð5Þ

(for given q>0) versus the alternative hypothesis

H1 :
�T � �Rð Þ2

�2
WR

� �; ð6Þ

where mT and mR are the averages of the log-transformed
measure (Cmax, AUC ) for the test and reference products,
respectively; usually testing is done at level a=0.05; and q is
the scaled average BE limit. Furthermore,

� ¼ ln$ð Þ2
�2
W0

ð7Þ

where D is 1.25, the usual average BE upper limit for the
untransformed test/reference ratio of geometric means, and
sW0=0.25. Note that rejection of the null hypothesis H0

supports the conclusion of equivalence.
A 95% upper confidence bound for �T��Rð Þ2

�2
WR

determined
in a BE study must be eq, or equivalently, a 95% upper
confidence bound for �T � �Rð Þ2 � ��2WR must be e0.
Additionally, the point estimate (test/reference geometric
mean ratio) must fall within [0.80, 1.25]. The test drug must
pass both conditions before it is judged bioequivalent to the
reference product.

CONCLUSION

This report presents a proposal for the BE evaluation of
highly variable drugs and drug products. This new approach
addresses many of the concerns about the BE of highly
variable drugs/products that have been raised for the past
several years. The proposed approach adjusts the BE limits
of highly variable drugs/products by scaling to the within-
subject variability of the reference product in the study. The
recommendation for 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 expressed in the
BE limit. Furthermore, for drugs and products that are highly
variable, reference-scaling effectively decreases the sample
size needed for demonstrating BE. The additional require-
ment of a point-estimate constraint will impose a limit on the
difference between the test and reference means, thereby
eliminating the potential that a test product would enter the
market based on a bioequivalence study with a large mean
difference. The use of the reference-scaling approach neces-
sitates a study design that evaluates the reference variability,
via multiple administration of the reference treatment to
each subject. The recommended 3-period design is the most
efficient way to obtain this information. The proposed
approach will resolve a number of issues in the BE evaluation
of highly variable drugs while achieving the FDA_s mission of
ensuring that all the drugs approved for use in U.S. are both
safe and effective.
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