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Introduction
In the pharmaceutical industry, when an innovative (brand name) 

drug product (for human use) is going off patent, pharmaceutical 
companies can file an abbreviated new drug application (ANDA) for 
the approval of a generic product. For this approval, most regulatory 
agencies, including the United States Food and Drug Administration 
(FDA), require that evidence of average bioequivalence (BE) (in terms 
of the extent and rate of drug absorption) be provided through the 
conduct of bioequivalence studies. These are often undertaken on 
healthy volunteers for characterizing drug absorption in the blood 
stream. 

For the assessment of average bioequivalence, a standard two-
sequence, two-period (2x2) crossover design is usually employed. 
Average BE is commonly determined by a confidence interval approach 
or, equivalently, by a two one-sided tests procedure [1]. FDA requires 
that log-transformation be performed before data analysis. The test 
product is then claimed to be bioequivalent to the reference product 
if the calculated 90% confidence interval around the ratio of geometric 
means of the primary study endpoint [such as the area under the blood 
or plasma concentration time curve (AUC) or the peak concentration 
(Cmax) is totally within the bioequivalence limits (in %) of 80% to 125%.

The assessment of bioequivalence is made under the so-called 
Fundamental Bioequivalence Assumption. This states that if two drug 
products are shown to be bioequivalent then they are assumed to have 
the same therapeutic and adverse effects, i.e. they are therapeutically 
equivalent. The assumption is discussed further in Section 4.1. The 
assumption has been challenged by sponsors of many innovative drug 
products [2]. The assessment of average BE utilizes a one size-fits-all 
criterion on the primary pharmacokinetic parameters such as AUC and 
Cmax regardless of the within-subject and between-subject variabilities 
of responses to the drug or the therapeutic index of the drug. This one 
size-fits-all criterion which lacks clinical and/or scientific justification, 
has been criticized and challenged by many authors. It is further 

observed that analyzing the results of studies with or without log-
transformation of the parameters may result in different conclusions 
about bioequivalence. Note that analysis with and without log-
transformation of the pharmacokinetic (PK) parameters are referred 
to as log-transformation model and raw data model, respectively, or 
alternatively, as the multiplicative and additive model. 

An approved generic copy can be used as a substitute of the 
innovative drug product. However, as more and more generic 
drug products of the same brand-name drug become available, it 
is a safety concern whether these generic drug products can be used 
interchangeably. Note that evidence of average bioequivalence among 
generic drug products is not required by the regulatory agencies. The 
issue of drug interchangeability has been studied extensively since 
early 1990s, which has led to recommendations for the assessment 
of population and/or individual bioequivalence under replicated 
crossover designs in the early 2000s [3]. In addition, many controversial 
issues such as that of multiplicity regarding the design and analysis of 
bioequivalence studies, still remain to be resolved. 

In the next section, the design and analysis of bioequivalence 
studies will be briefly outlined. Drug interchangeability in terms of drug 
prescribability and drug switchability are discussed in Section 3. Section 
4 presents some controversial issues that are commonly encountered 
when conducting bioequivalence studies for the assessment of average 
bioequivalence. These controversial issues include, but are not limited 
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to: (1) the challenge of the Fundamental Bioequivalence Assumption, 
(2) the adequacy of a one size-fits-all criterion, (3) the evaluation of 
BE for highly-variable drugs, and (4) the appropriateness of the log-
transformation. Some frequently asked questions during the ANDA 
submission for generic approval are given in Section 5. Section 6 
focuses on the applicability and feasibility of the application of current 
methods for bioequivalence to assess the biosimilarity of biological 
products (follow-on biologics). 

Bioequivalence assessment

Study design: In order to satisfy the regulatory requirements for 
the declaration of bioequivalence (i.e., that the 90% confidence interval 
around the ratio of geometric means should be, in %, between 80% and 
125%), various study designs can be considered. As indicated in the 
Federal Register [Vol. 42 No. 5 Sec. 320.26(b) and Sec. 320.27(b), 1977], 
a bioequivalence study (single-dose or multi-dose) should be crossover 
in design, unless a parallel or other design is more appropriate for valid 
scientific reasons. Thus, in practice, a standard two-sequence, two-
period (or 2x2) crossover design is often applied. Denote the test product 
and the reference product by T and R, respectively. A 2x2 crossover 
design can be expressed as (TR, RT), where TR is the first sequence of 
treatments and RT denotes the second sequence of treatments. Under 
the (TR, RT) design, qualified subjects who are randomly assigned 
to sequence 1 (TR) will receive the test product (T) first and then are 
provided the reference product (R) after a sufficient length of washout 
period. Similarly, subjects who are randomly assigned to sequence 2 
(RT) will receive the reference product (R) first and then are given the 
test product (T) after a sufficient length of washout period.

One of the limitations of the standard 2x2 crossover design is that 
it does not provide independent estimates of intra-subject variabilities 
since each subject will receive the same treatment only once. In the 
interest of assessing intra-subject variabilities, the following higher 
order crossover designs for comparing two drug products are often 
considered: 

(1) Balaam’s design – (TT, RR, RT, TR); 

(2) Two-sequence, three-period (2x3) dual design – (TRT, RTR);

(3) Two-sequence, four-period (2x4) design – (TRTR, RTRT).

In some cases, an incomplete block design or an extra-reference 
2x3 or 3x3 design such as (TRR, RTR) or (TRR, RTR, RRT) may be 
considered depending upon the study objectives of a bioequivalence 
investigation.

Statistical methods

As indicated earlier, average bioequivalence is claimed if the 90% 
confidence interval around the ratio of the geometric means between 
test and reference products is (in %), for a primary PK parameter, 
within the bioequivalence limits of 80% and 125%. Along this line, 
commonly employed statistical methods are the confidence interval 
approach and the method of interval hypotheses testing. 

For the confidence interval approach, a 90% confidence interval for 
the ratio of geometric means of a primary pharmacokinetic response 
such as AUC or Cmax is obtained under an analysis of variance model. 
We claim bioequivalence if the estimated 90% confidence interval is (in 
%) entirely within the bioequivalence limits of 80% and 125%. 

For the method of interval hypotheses testing, we would reject 
the null hypothesis of bioinequivalence in favor of the alternative 

of bioequivalence. In practice, the interval hypotheses are often 
decomposed into two sets of one-sided hypotheses. The first set of 
hypotheses is to verify that the average bioavailability of the test product 
is not too low, whereas the second set of hypotheses is to verify that 
average bioavailability of the test product is not too high. Schuirmann’s 
two one-sided tests procedure is commonly employed for the interval 
hypotheses testing for average BE [1].

Remarks

Although the assessment of average bioequivalence for generic 
approval has been in practice for years, it has the following limitations: 
(1) it focuses only on population average; (2) it ignores the distribution 
of the metric; (3) it does not provide independent estimates of 
intra-subject variabilities and ignores the subject-by-formulation 
interaction. Many authors criticize that the assessment of average BE 
does not address the question of drug interchangeability and that it 
may penalize drug products with lower variability. 

Drug interchangeabililty

As indicated by the regulatory agencies, a generic drug can be 
used as a substitution of the brand-name drug if their bioequivalence 
has been demonstrated. Current regulations do not indicate that two 
generic copies can be used interchangeably even if both of them are 
bioequivalent to the same brand-name drug. Bioequivalence between 
generic copies of a brand-name drug is not required. Thus, one of the 
controversial issues is whether these approved generic drug products 
can be used safely and interchangeably. 

Theoretically, the potential difference between two generics could 
be about twice as large as what is allowed between a generic and 
the originator’s formulation. The reason is that regulatory agencies 
worldwide require that the reference drug to which the comparison is 
made should be the originator’s formulation. 

Drug prescribability and drug switchability

When a new drug product is administered to a patient, distinction 
must be made between the conditions of prescribability and 
switchability. Drug prescribability is defined as the physician’s choice 
for prescribing (or a pharmacist providing) a drug product for a patient 
who has not taken before the drug in any of its forms. The choice is 
between a brand-name drug product and a number of generic drug 
products that have been shown to be bioequivalent to the brand-name 
drug product.

Drug switchability, on the other hand, involves the switch from 
a drug product (either a brand-name or generic drug product) to an 
alternative formulation (again, either a generic or the brand-name 
drug product) within the same subject whose concentration of the drug 
product has been titrated to a steady, efficacious and safe level

Population/individual bioequivalence

It was suggested that the assessment of bioequivalence should 
take into consideration of both prescribability and switchability [3]. 
Extensive discussions in the 1990s and early 2000s suggested that 
population bioequivalence (PBE) and individual bioequivalence (IBE) 
be considered for testing prescribabilty and switchability, respectively. 
However, the current position of FDA has been that declaration of 
average BE criterion ensures the safety and efficacy of the generic 
product and, therefore, its prescribability. FDA does not consider at 
present IBE as an applicable approach. IBE was abandoned mainly for 
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methodological reasons. Nevertheless, the underlying background and 
principles are valuable and important and will be briefly discussed here. 

To address drug prescribability, FDA proposed [3] the following 
aggregated, scaled, moment-based, one-sided criterion for population 
bioequivalence (PBC):
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where µT and µR are the means of the test and reference drug products, 
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reference drug products, respectively, 2

0σT  is a regulatory constant 
that can be adjusted to control the probability of passing PBE, and θP is 
the bioequivalence limit for PBE. The numerator on the left-hand side 
of the criterion is the sum of the squared difference of the population 
averages and the difference between the total variances of the test and 
reference drug products; it measures the similarity of the marginal 
population distributions between the test and reference drug products. 
The denominator on the left-hand side of the criterion is a scaling factor 
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where Pε  is guided by the consideration of the variability term 
2 2σ σ−TT TR  being added to the ABE criterion. As suggested by the 

FDA guidance, it may be appropriate that εP be chosen as 0.02. For the 
determination of 2

0σT , the guidance suggests a value of 0.04. 

Similarly, to address drug switchability, FDA recommended the 
following aggregated, scaled, moment-based, one-sided criterion:

2 2 2 2

2 2
0

( ) ( ) ,
max( , )

µ µ σ σ σ θ
σ σ

− + + −
= ≤T R D WT WR

I
WR W

IBC

where 2σWT  and 2σWR  are the within-subject variances of the test and 
reference drug products, respectively, 2σ D  is the variance component 
due to subject-by-formulation interaction, 2

0σW  is a regulatory constant 
that can be adjusted to control the probability of passing IBE, and θI is 
the bioequivalence limit for IBE. The FDA guidance suggested that θI 
be chosen as: 

εI=0.05. 
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where εI is the variance allowance factor which can be adjusted for 
sample size control. The FDA guidance recommended εI=0.05. For the 
determination of 2

0σW , the guidance suggests a value of 0.04. 

Some features of the aggregate model for individual BE were 
criticized. Comparison of the deviations between the means and 
between the within-subject variances of the two products could result 
both in substantial increase and decrease of the estimated IBC. Thereby 
not only benefits but also penalties could be incurred [4]. Moreover, 
the estimated variances, including the variance component 2σ D , are 
very unreliable with the typical sample sizes of BE studies. 

While the model for IBE is not used at present, it gives rise to 
applications which are still widely used. These will be considered later. 

It is important to observe that for prescribability (and population BE) 
total variation is important which includes both between- and within-
subject variations. In contrast, for switchability (and individual BE), 
within-subject variation is relevant. This can be conveniently evaluated 

in crossover studies. BE declared from this kind of investigation gives 
confidence that the two drug products can be indeed interchanged 
within patients and, therefore, that the Fundamental Bioequivalence 
Assumption, discussed below, can be readily applied.

To achieve the objective of interchangeability among bioequivalent 
pharmaceutical products, the criteria for assessment of bioequivalence 
must possess certain important properties, [5,6] outlined the desirable 
characteristics of bioequivalence criteria proposed by FDA (Table 
1). In addition, to address the issues of intra-subject variability and 
subject-by-formulation interaction and to ensure drug switchability, 
valid statistical procedures, both estimation and hypothesis testing, 
should be developed from the criteria to control the consumer’s risk at 
the pre-specified nominal level (e.g., 5%). Furthermore, the statistical 
methods developed from the criteria should be able to provide sample 
size determination; to take into consideration the nuisance design 
parameters, such as period or sequence effects; and to develop user-
friendly computer software. The most critical characteristics for the 
proposed criteria will be their interpretation to scientists and clinicians 
and the cost of conducting bioequivalence studies to provide inference 
for the criteria.

Remarks

In the interest of assessing individual bioequivalence, FDA 
recommended that a replicated design be considered for obtaining 
independent estimates of intra-subject variabilities and variability 
due to subject-by-drug product interaction. A commonly considered 
replicate crossover scheme is a 2x4 crossover design, (TRTR, RTRT).

Note that FDA has abandoned the regulatory implementation of 
individual bioequivalence. Nevertheless, it is an important concept 
which highlights and advances the significance of switchability [7].

Controversial statistical issues

In this section, we shall focus on controversial statistical issues 
related to the Fundamental Bioequivalence Assumption, one size-fits-
all criterion, the evaluation of BE for highly variable drugs, and issues 
related to the log-transformation of PK data prior to analysis. These 
controversial statistical issues are briefly described.

Fundamental bioequivalence assumption

As indicated by Chow and Liu [2], bioequivalence studies 
are performed under the so-called Fundamental Bioequivalence 
Assumption. It states that: 

Comparison of both averages and variances

Assurance of switchability

Encouragement or reward of pharmaceutical companies to manufacture a 
better formulation

Control of type I error rate (consumer’s risk) at 5%

Allowance for determination of sample size

Admission of the possibility of sequence and period effects as well as missing 
values

User-friendly software application for statistical methods

Provision of easy interpretation for scientists and clinicians

Minimization of increased cost for conducting bioequivalence studies

Source: [6].
Table 1: Desirable Features of Bioequivalence Criteria.
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If two drug products are shown to be bioequivalent, it is assumed 
that they will reach the same therapeutic effect or they are therapeutically 
equivalent and hence can be used interchangeably. 

It is implied in this assumption that the two drug products are also 
pharmaceutically equivalent, i.e., that the test and reference products 
are comparable dosage forms and contain identical amounts of the 
same medicinal ingredient [8,9]. To protect the exclusivity of a brand-
name drug product, the sponsors of the innovator drug products will 
usually make every attempt to prevent generic drug products from 
being approved by the regulatory agencies such as the FDA. One of the 
strategies is to challenge the Fundamental Bioequivalence Assumption 
by filing a citizens’ petition with scientific/clinical justification against 
the Fundamental Bioequivalence Assumption. Upon the receipt of a 
citizens’ petition, the FDA has legal obligation to respond within 180 
days. It, however, should be noted that the FDA will not suspend the 
review/approval process of a generic submission even while a citizens’ 
petition is under review within the FDA.

One of the controversial statistical issues is that bioequivalence in 
drug absorption may possibly not imply therapeutic equivalence and 
therapeutic equivalence may not guarantee bioequivalence either. The 
assessment of average bioequivalence for generic approval has been 
criticized that it is based on legal/political deliberations rather than 
scientific considerations. In the past several decades, many sponsors/
researchers have made an attempt to challenge this assumption with 
no success. 

In practice, the Fundamental Bioequivalence Assumption is also 
applied to drug products with local action such as nasal spray products 
via the assessment of in vitro bioequivalence testing. In either in vivo 
or in vitro bioequivalence testing, the verification of the Fundamental 
Bioequivalence Assumption is often difficult, if not impossible, without 
the conduct of clinical trials. 

The Fundamental Bioequivalence Assumption can thus be 
generally applied. This was affirmed in a public letter of an FDA 
Associate Commissioner [10,11]. Bioequivalence of drug products 
generally indicates indeed their therapeutic equivalence.

One size-fits-all criterion

For the assessment of average bioequivalence, FDA adopted a one 
size-fits-all criterion. That is, as noted earlier, a test drug product is 
said to be bioequivalent to a reference drug product if the estimated 
90% confidence interval for the ratio of geometric means of the 
primary PK parameters (e.g., AUC and Cmax) is (in %) totally within 
the bioequivalence limits of 80% to 125%. The one size-fits-all criterion 
does not take into consideration the therapeutic window and intra-
subject variability of a drug which have been identified to have non-
negligible impact on the safety and efficacy of generic drug products as 
compared to the innovative drug products. 

In the past several decades, this one size-fits-all criterion has been 
challenged and criticized by researchers [12,13]. It was suggested that 
flexible criteria in terms of safety (upper bioequivalence limit) and 
efficacy (lower bioequivalence limit) should be developed based on 
the characteristics of the drug, its therapeutic window (TW) and intra-
subject variability (ISV). See also Table 2. 

The approach of one size-fits-all has begun to dissipate in recent 
years. For instance, in some jurisdictions such as Europe, Canada, 
and recently also in the United States, narrower BE limits have 
been proposed for drugs with narrow therapeutic windows [14-17]. 

However, FDA has maintained its usual requirement for these drugs 
with BE limits to be between 80% and 125% even though it has recently 
indicated a reconsideration of the issue [17].

On the other hand, for orally administered drugs with high within-
subject variability and wide therapeutic window (Class D, highly 
variable drugs, see Table 2), the regulatory expectations have become, 
in some cases, more relaxed. They will be discussed in the next section. 

The approach of one size-fits-all is useful for assessing BE involving 
most drugs. However, special criteria should be applied for drugs 
having narrow therapeutic window or high intrasubject variability. 

Highly variable drugs

The approach of one-size fits all has been relaxed in recent years by 
various regulatory authorities for drugs which exhibit high variations, 
i.e. large fluctuations, within individuals. It has been very difficult to 
determine BE for this class of drugs unless unethically large numbers 
of volunteers were included in the investigations.

A drug is considered by international consensus to be highly 
variable if its within-subject coefficient of variation exceeds 30%. 
For the evaluation of the BE of highly-variable drug products, the 
approach of scaled average BE (SABE) was proposed [19]. It is possible 
to consider SABE as a special case of individual BE by assuming that 
the two drug products have the same within-subject variation, and that 
there is no subject-by-formulation interaction. In this case, the IBE 
criterion becomes (after taking square root):

(μT - μR)/σWR ≤ θS

Here θS is the BE limit for SABE which is a regulatory constant the 
value of which should be set by the authorities. An alternative form of 
the regulatory constant is:

σ0 = ln(1.25)/θS

The procedure could be used when the within-subject variation is 
high (σ2

WR > σ2
W0); the value of σ2

W0 is generally set to correspond to 
a coefficient of variation of 30%. If the intraindividual variation does 
not exceed 30% (σ2

WR ≤ σ2
W0) then, as usual, the two one-sided tests 

procedure is applied.

A working group of FDA scientists has adopted the approach of 
SABE for highly variable drugs. The suggested procedure was described 
in a publication [20]. It was suggested that the within-subject variation 
of the reference product be estimated, at least, from partially replicating 
3-period studies (RRT/RTR/TRR). The regulatory constant was 
suggested to have the value of σ0 = 0.25 or θS = 0.893. It is expected 
that the 90% confidence interval around the SABE criterion be within 
the BE limits; the confidence interval is calculated by a linearizing 
approximation of the SABE criterion [21]. In addition, it is proposed 
that a second criterion also be satisfied, namely that the point estimate 
of the GMR be between 0.80 and 1.25. 

Class TW ISV Example
A Narrow High Cyclosporine
B Narrow Low Theophylline
C Wide Low to moderate Most drugs
D Wide High Chlorpromazine, topical corticosteroids

TW, therapeutic window; ISV, intra-subject variability.
Source: [5]; [18].

Table 2: Classification of Drugs.
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FDA actually entertains submissions based on the criteria described 
in the ‘informal’ publication of [20].

The regulatory criteria recently published by EMA for determining 
the BE of highly-variable drugs [15] are related to but still different 
from those of FDA. EMA applies a model rearranging the SABE 
criterion [20]:

- θS*σWR ≤ (μT - μR) ≤ θS*σWR

This is like the criterion for average BE but with expanding limits 
(ABEL). Consequently, the 90% confidence limit can be calculated by 
the simple application of the two one-sided tests procedure.

The value of the regulatory constant of EMA, σ0 = 0.294 or θS = 
0.76, differs from that of FDA. But similarly to FDA, EMA also requires 
the second criterion of constraining the point estimate of the ratio of 
geometric means (GMR) to range between 0.80 and 1.25. In addition, 
EMA imposes a limit on the application of ABEL. At a variation 
exceeding CV = 50%, again unscaled average BE must be used [15].

Properties of the two regulatory procedures were demonstrated 
and deviations in some of the outcomes were noted [19,23,24].

Determination of BE for highly variable drugs by scaled average 
BE, or by its variant of ABEL, is advantageous. Differing values were 
suggested by FDA and EMA for one of the regulatory constants. 
Their comparison indicates that the value recommended by EMA is 
preferable [24].

Issues related to log-transformation

In the past several decades, bioequivalence could be assessed based 
on either raw data or log-transformed data depending upon which 
model followed the assumption of normal distribution. This raised a 
controversial statistical issue regarding which model should be used 
for the assessment of bioequivalence. The sponsors could choose the 
model which would serve their purposes (e.g., the demonstration 
of bioequivalence). In some cases, the raw data model could reach 
a different conclusion regarding bioequivalence than the log-
transformation model. This controversial statistical issue was discussed 
a great deal until a general understanding was reached in the early 
1990s on the use of log-transformed parameters.

The 2001 FDA guidance provides a rationale for the use of 
logarithmic transformation of exposure measures. The guidance 
emphasizes that the limited sample size in a typical BE study precludes 
a reliable determination of the distribution of the data. For this reason, 
the guidance does not encourage the sponsors to test for the normality 
of error distribution after log-transformation, nor to use the normality 
of the error distribution as a reason for carrying out the statistical 
analysis on the original scale. 

The use of the logarithmic transformation of pharmacokinetic 
parameters was questioned in the statistical literature [25-28]. It was 
stated that the log-transformed AUC0-∞ and Cmax do not generally follow 
a normal distribution even when either the plasma concentrations 
or log-plasma concentrations are normally distributed [26]. It was 
suggested that performing a routine log-transformation of data and 
then applying normal, theory-based methods is not appropriate [28]. 
It was suggested that normal probability plots for the studentized 
inter-subject and intra-subject residuals be examined and that the 
Shapiro-Wilk method be applied to test for normality of the inter-
subject and intra-subject variabilities. However, the sample size of a 

typical bioequivalence study is generally too small to allow an adequate 
large-sample normal approximation and to enable clear discrimination 
between the normal and log-normal distributions of the estimated PK 
parameters. 

In addition, the use of logarithmic pharmacokinetic (and generally 
kinetic) parameters has a strong basis in their multiplicative, rather 
than additive sense. We typically think of doubling or halving a dose or 
concentration and not adding or taking away some units. Similarly, in 
tables of kinetic parameters, whether they are rate constants (including 
half-lives), equilibrium constants or many other kinetic measures, we 
compare their orders of magnitudes and ask if one is, say, 10 times 
higher or lower than the other. Consequently, analyses involving 
kinetic parameters generally apply a multiplicative and not an additive 
model. An implementation of this sense is that the parameters are 
analyzed following their logarithmic transformation. 

In any case, the protocol should clearly state any procedure which 
would test for the validity of either the raw data model or the log-
transformed data model and then select one of them for submission. 
It is advisable to consult the regulatory agency before contemplating 
a calculational procedure which differs from that recommended in a 
guidance.

The choice between using raw data or logarithmic data can not be 
generally determined in a given BE study. Nevertheless, application of 
the logarithmic transformation is usually preferable and is expected by 
regulatory authorities. 

Frequently asked questions 

What if we pass AUC but fail Cmax?: Based on log-transformed 
data, FDA requires that both AUC and Cmax meet the bioequivalence 
limits of 80% to 125% in order to establish average bioequivalence. 
In practice, however, it is not uncommon to pass AUC (the extent of 
absorption) but fail Cmax (the rate of absorption). In this case, average 
bioequivalence cannot be claimed according to the FDA guidance.

If we pass AUC but fail Cmax, [29] suggested considering Cmax/
AUC as an alternative bioequivalence measure for the rate of 
absorption. However, Cmax/AUC is not currently selected as a required 
pharmacokinetic response for the approval of generic drug products 
by regulatory authorities. The condition of passing the regulatory 
requirement for AUC and not for Cmax is less likely to arise in Canada 
where only the point estimate of the ratio of geometric means of Cmax 
but not the 90% confidence interval must be (in %) between 80% and 
125% [8,9].

It is possible that we would pass the regulatory requirement for 
Cmax but not for AUC. It was suggested that we could look at partial 
AUC as an additional measure of bioequivalence [30,31]. 

What if we fail by a small margin? : In practice, it is possible that 
we fail BE testing for either AUC or Cmax by only a small margin. For 
example, suppose that the estimated 90% confidence interval for AUC 
is from 79.5% to 121.3%, which is slightly outside the lower limit of the 
regulatory range of 80.0% to 125.0%. In this case, the FDA’s position 
is very clear: A rule is a rule and you fail. In regulatory reviews and 
approvals, the FDA is very strict about this rule as described in the 2003 
FDA guidance. 

However, a sponsor may perform either an outlier detection 
analysis or a sensitivity analysis in order to resolve the issue. If a subject 
is found to be an outlier statistically, the data may be excluded from 
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the analysis but only with appropriate clinical justification. Once the 
identified outlier is excluded from the analysis, the recalculated 90% 
confidence interval could be totally within the bioequivalence limits of 
80% to 125%, and the sponsor may present an argument for claiming 
bioequivalence. 

Major regulatory agencies have recently encouraged additional 
design features which permit the later addition of subjects. Notably, 
they include group sequential extensions of the usual bioequivalence 
testing procedure [32,33]. The results of a study would first be evaluated 
by the customary procedures. However, in order to maintain the overall 
Type I error, the results would be assessed with adjusted significance 
levels which would yield confidence intervals higher than 90% [34]. If 
the analysis indicates that the calculated 90% confidence intervals of 
the PK parameters are moderately outside the regulatory BE interval of 
80% to 125% then a second group of subjects could be investigated. A 
combined analysis of the two groups could be performed; these would 
apply a modified structure of the statistical computations and, again, 
adjusted significance levels. 

Health Canada accepts also a simple add-on of at least 12 subjects 
[8,9]. The structure of the statistical analysis should be modified and 
the level of significance should be 0.025 instead of 0.05. In all cases, the 
intention of applying either the group sequential or add-on design as 
well as the details of the procedure should be specified in the protocol 
of the study.

Can we still asssess bioequivalence if there is a significant 
sequence effect?: As indicated in [2], under a standard two-
sequence, two-period (2x2) crossover design, a significant sequence 
effect is an indication of the possible (1) failure of randomization, 
(2) a true sequence effect, (3) a true carry-over effect, and/or (4) a 
true formulation-by-period effect. Under the standard 2x2 crossover 
design, the sequence effect is confounded with the carryover effect. 
Therefore, if a significant sequence effect is found, the treatment effect 
and its corresponding 90% confidence interval cannot be estimated 
unbiasedly due to the possibly unequal carryover effects. However, in 
the 2001 FDA guidance, the following list of conditions is provided to 
rule out the possibility of unequal carryover effects:

1. It is a single-dose study;

2. The drug is not an endogenous entity;

3. 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.

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

The 2001 FDA guidance also recommends that sponsors conduct a 
bioequivalence study with parallel designs if unequal carryover effects 
become an issue.

Power and sample size calculations based on raw data model 
and log-transformed model are different 

The calculations of the statistical power and of the sample size 
are different when they are based on the raw data model and on the 
log-transformed model. Under differing models, means, standard 
deviations, and coefficients of variation are also different. As 

mentioned before, for the assessment of bioequivalence, all regulatory 
authorities including the FDA, EMA, WHO, and Japan require that 
log-transformation of the parameters AUC0-t, AUC0-∞ and Cmax be 
performed before the analysis and evaluation of bioequivalence. As a 
result, one should use differences between logarithmic means and the 
corresponding standard deviations or the coefficients of variation for 
the power analysis and sample size calculation based on the method for 
the log-transformed model (see, e.g., Chapter 5 of [2].

Note that sponsors should make the decision in the protocol as to 
which model (the raw data model or the log-transformed data model) 
will be used for bioequivalence assessment. Once the model is chosen, 
appropriate formulas can be used to determine the sample size. Fishing 
around for obtaining the smallest sample size is not a good clinical 
practice.

Multiplicity and transitivity

The [35] guidance for general considerations requires that for 
AUC0-t, AUC0-∞ and Cmax, the following information be provided:

1. geometric means

2. arithmetic means

3. ratio of means

4. 90% confidence interval. 

In addition, as already noted, the 2003 FDA guidance recommends 
that logarithmic transformation be provided for each measure of 
AUC0-t, AUC0-∞ and Cmax, and that, for the demonstration of average 
bioequivalence, each of the 90% confidence intervals for ratio of 
the geometric means of the two formulations must fall within the 
bioequivalence limits (in %) of 80% to 125%. It follows that according 
to the intersection-union principle [36], the type I error rate of 
average bioequivalence is still controlled under the nominal level 
of 5%. Therefore, there is no need for adjustment due to multiple 
pharmacokinetic measures.

Another issue involves the multiplicity of generic products of a 
drug. The bioequivalence of each generic formulation is determined 
against the reference, generally brand-name product. It is not obvious 
to what extent the generics could be equivalent with each other. 
This is particularly important when a patient is switched from one 
generic product to another. Anderson and Hauck [37] examined the 
transitivity of bioequivalence, i.e., to what extent is there a potential 
of drift about the declaration of bioequivalence when a number of 
generics are tested against an innovator’s product, With two or three 
generic formulations, the confidence of transitive bioequivalence is 
fairly high. With six generic products, this confidence is low. 

Assessment of biosimilarity of follow-on biologics

As indicated in the previous sections, although there are still 
some controversial statistical issues and frequently asked questions 
in regulatory submissions when assessing bioequivalence, statistical 
methods including criteria, study designs, and testing procedures for the 
assessment of average BE for drug products are well established. Thus, 
it is of particular interest to pharmaceutical/clinical scientists whether 
similar concepts can be applied directly to assessing biosimilarity of 
biologic drug products, i.e. of follow-on biologics. The applicability/
feasibility is questionable due to some fundamental differences between 
small molecule drug products and biologic products. 
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Unlike small molecule drug products, biologic products are made 
by living cells which have complicated, heterogeneous structures. 
The mixtures of related molecules make it difficult to characterize 
the mechanism of actions. The biologic products are known to be 
variable which are usually sensitive to environmental conditions 
such as temperature and light. In addition, biologic products have the 
issue of immunogenicity. Note that the one size-fits-all criterion of 
(average) bioequivalence assessment does not take into consideration 
the heterogeneity and variability of drug products. On the other hand, 
the biologic products are very sensitive to variability – a small change 
in bias/variation could translate to a major change in clinical response. 
Thus, the well-established statistical methods for the assessment of 
bioequivalence for small molecule drug products may not be feasible 
and hence may not be applicable to the assessment of biosimilarity of 
biologic drug products (or follow-on biologics).For the approval of 
biosimilars in the EU community, EMA issued a guideline describing 
general principles for the approval of similar biological medicinal 
products, or biosimilars [38,39]. The guideline is accompanied 
by several product-specific guidances including those for human 
recombinant products containing erythropoietin, human growth 
hormone, granulocyte-colony stimulating factor, insulin, IFN-alpha 
and low molecular weight heparin. 

On the other hand, for the approval of follow-on biologics in the 
United States, it depends whether the biologic product is approved 
under the Food, Drug, and Cosmetic Act (US FD&C) or licensed under 
the Public Health Service Act (US PHS). Some proteins are licensed 
under the PHS Act while others are approved under the FD&C Act. For 
products approved under an NDA (US FD&C Act), generic versions 
of the products can be approved under an ANDA, e.g., under Section 
505(b)(2) of the FD&C Act. For products that are licensed under a BLA 
(US PHS Act), there exists no abbreviated BLA. For the assessment of 
similarity of follow-on biologics, the FDA would consider the totality 
of evidence including the following factors: (1) the robustness of the 
manufacturing process, (2) the degree to which structural similarity 
could be assessed, (3) the extent to which the mechanism of action 
is understood, (4) the existence of valid, mechanistically related 
pharmacodynamic assays, (5) comparative pharmacokinetics, (6) 
comparative immunogenicity, (7) the amount of clinical data available, 
and (8) the extent of experience with the original product [40,41]. In 
practice, there is strong industrial interest and desire for the regulatory 
agencies to develop review standards and for an approval process for 
biosimilars rather than a mere ad hoc case-by-case review of individual 
biosimilar applications. Under this consideration, FDA indicated 
that the following guidances are currently under development: (1) a 
guidance for industry on scientific considerations to demonstrate 
the safety and effectiveness of follow-on protein products, and (2) a 
guidance for industry on CMC issues for follow-on protein products.

As more innovative biologic products are going off-patent protection 
in the next few years, the FDA hosted a public hearing on Approval 
Pathway for Biosimilar and Interchangeable Biological Products In 
Silver Spring, Maryland between November 2-3, 2010. At the public 
hearing several scientific factors for assessing follow-on biologics were 
discussed. These scientific factors/issues included (1) how similar is 
considered similar? (2) the issue of drug interchangeability in terms of 
the concept of alternating and switching, and (3) quality attributes and 
comparability between manufacturing processes. Based on the fact that 
there are some fundamental differences between small molecule drug 
products and biologic products, research in this area is urgently needed 
in order to address the scientific factors/issues discussed at the FDA 
public hearing [42,43].
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