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ABSTRACT
Purpose To explore the comparative performance of the re-
cently proposed bioequivalence (BE) approaches, FDAs and
EMAs, by the FDA working group on highly variable drugs
and the EMA, respectively; to compare the impact of the
GMR-constraint on the two approaches; and to provide repre-
sentative plots of % BE acceptance as a function of geometric
mean ratio, sample size and variability.
Methods Simulated BE studies and extreme GMR versus CV
plots were used. Three sequence, three period crossover
studies with two treatments were simulated using four levels
of within-subject variability.
Results The FDAs and EMAs approaches were identical when
variability was <30%. In all other cases, the FDAs method was
more permissive than EMAs. The major discrepancy was ob-
served for variability values >50%. The GMR-constraint was
necessary for FDAs, especially for drugs with high variabilities.
For EMAs, the GMR-constraint only became effective when
sample size was large and variability was close to 50%.
Conclusions A significant discrepancy in the performances of
FDAs and EMAs was observed for high variability values. The
GMR-constraint was essential for FDAs, but it was of minor
importance in case of the EMAs.

KEY WORDS bioequivalence . European Medicines Agency .
Food and Drug Administration . highly variable drugs .
replicate design

ABBREVIATIONS
90% CI 90% confidence interval
AUC area under the curve
BE bioequivalence
Cmax peak plasma concentration
CVw coefficient of variation
CVwR coefficient of variation corresponding to s2wR
EMAnc modified EMA approach without GMR-constraint
EMAs scaled approach proposed by EMA
FDAnc modified FDA approach without GMR-constraint
FDAs scaled approach proposed by FDA scientists
GMR geometric mean ratio
HVDs highly variable drugs
k scaling factor of the limits proposed by EMA
PK pharmacokinetic(s)
R reference product (i.e., the innovator’s product)
s2w within-subject variability
s2wR within-subject variability of the reference product
s2wT within-subject variability of the test product
sw0 constant referring to regulatory

standardized variation of FDAs limits
swR standard deviation corresponding to s2wR
T test product (i.e., product under evaluation)

INTRODUCTION

Proving bioequivalence (BE) is essential in order to ensure
therapeutic similarity between two drug products of the
same active moiety (1). Usually, determination of BE relies
on the comparison of the rate and extent of absorption of a
product under study (Test, T) with an innovator’s product
(Reference, R). Therefore, two drug products of the same
active substance are considered bioequivalent if they contain
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the same active moiety, are at the same molar dose, and
their extent and rate of absorption values are so similar to
minimize the risk of any difference in their in vivo perform-
ances (1–3). Area under the curve (AUC) and peak plasma
concentration (Cmax) are routinely used to describe these two
properties namely, extent and rate of absorption or total and
peak exposure, respectively.

However, BE assessment becomes a difficult issue in case
of highly variable drugs or drug products (HVDs). For
reasons of simplicity in this study, no distinction will be
made between highly variable drugs or drug products.
Thus, HVDs are considered the drugs which exhibit high
within-subject variability (s2w) values. In particular, it has
widely been accepted that the within-subject coefficient of
variation (CVw) of HVDs is greater than or equal to 30%
(4–8). In case of HVDs, the risk of erroneously rejecting BE
between two drugs (producer risk) arises, unless a large
number of subjects is recruited in the study. This issue,
however, raises many ethical and financial concerns about
the participation of large number of healthy subjects in
clinical trials (9,10). This opinion is further encouraged by
the inherent property of HVD to be safe drugs with wide
therapeutic indices (11).

In the past, several approaches were proposed to over-
come the problem of high variability in BE testing. Among
others, these methods include the application of multiple-
dose studies (5), the conduction of replicate designs (1,2,5,7),
the introduction of the concept of individual BE (12–17), the
widening of BE limits to other pre-fixed values (2,18–20),
and the use of scaled BE approaches (20–26).

Recently, new approaches aiming to resolve the problem
of high variability, have been proposed by the FDA working
group on HVDs (27,28) and by the latest guideline of the
European Medicines Agency (EMA) (3). For reasons of
simplicity and uniformity in this analysis, these two newly
proposed methods for bioequivalence assessment will be
termed as FDAs and EMAs. Both approaches propose the
application of either a full replicate or a semi-replicate
design (3,27–30). The key point in both approaches is the
demand that at least the reference product should be
administered twice in each individual. The latter allows
the estimation of within-subject variability of the R product
(s2wR) or, equivalently, the corresponding standard deviation
(swR). In turn, both approaches suggest the use of scaling
with swR bioequivalence limits when the within-subject co-
efficient of the R product (CVwR) exceeds a pre-set switching
value of 30%. Finally, FDAs and EMAs introduce a second-
ary constraint criterion on the ratio of geometric means
(GMR) of T and R in the region 0.80–1.25. However, the
EMA approach further imposes an extreme limit of CVwR

upon which the scaled limits should be used. Thus, the
EMAs limits can be expanded only up to a maximum range
0.6984–1.4319. No such criterion is present for the FDAs

method. In addition, different scaling factors are included in
the FDAs and EMAs approaches. Therefore, despite the
fact that these two approaches rely on a similar ground,
it is anticipated that they will exhibit a different perfor-
mance in BE studies.

Aim of this study was to explore the comparative perfor-
mance of the recently proposed approaches FDAs and
EMAs (3,27,28). This task was achieved by using simulation
studies, assuming different levels of variability values, and
considering several sample sizes. Furthermore, this anal-
ysis focused on the role and the relative impact of the
GMR-constraint on the FDAs and EMAs approaches.
Finally, this study provides the reader with representative
plots regarding the probability of declaring BE, with the
FDAs and EMAs methods, for many GMR estimates,
four different levels of variability, and a wide range of
sample sizes.

MATERIALS AND METHODS

Bioequivalence Assessment

Classic BE

Classically, determination of bioequivalence relies on the
concept of average BE (1). Two drug products are declared
bioequivalent if the calculated 90% confidence (CI) interval
around the difference of their mean measures of bioavail-
ability (in the log-transformed scale) lies between some pre-
set limits defined by the regulatory authorities (1,3,14,31).

Obviously, the use of a confidence interval implies
that the decision of bioequivalence depends on both the
difference between the T and R measures of bioavail-
ability (e.g., AUC, Cmax) and the residual variability of
these pharmacokinetic (PK) measures as well. For BE
purposes, the residual variability is considered to reflect the
within-subject variability of the drug under study.

This average BE testing approach is widely used
worldwide; however, it becomes problematic in case of
highly variable drugs. Obviously, in such cases, it turns
out to be difficult to declare bioequivalence, unless a
large number of subjects is recruited in the study. In
order to overcome this problem, the FDAs and EMAs

approaches have recently recommended the application
of reference-scaled approaches.

The FDA Approach (FDAs)

Scientists from the FDA working group on highly variable
drugs proposed that, in case of HVDs, a reference scaled
average bioequivalence approach could be used (27,28).
Actually, this opinion of the FDA scientists had been
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introduced few years earlier (32–35). This R-scaled ap-
proach suggests the use of either a full-replicate or a semi-
replicate design (27–30). In particular for the semi-replicate
design, the R product is administered twice, while the T
product only once. In other words, three sequence (RTR,
TRR, and RRT), three period studies can be conducted. A
basic feature of this design is the fact that it allows the
estimation of the within-subject variability (i.e., s2wR) of the
R product and, thus, its corresponding CVwR value.

According to the FDAs method, a reference-scaled (with
swR) approach should be used for drugs which have within-
subject variability greater than or equal to 30%, Fig. 1a.
Actually, the FDAs definition (27) implies the use of CVwR as
a switching criterion rather than the variability s2wR term
itself. The scaled BE limits imposed by the FDAs approach
are mathematically expressed by Eq. (1):

Upper=Lower limits ¼ exp � lnð1:25Þ � swR
sw0

� �
ð1Þ

where sw0 is a regulatory standardized variation. It has been
suggested (27) that a value of 0.25 can be assigned to sw0 in

order to exhibit a good balance between a conservative and
a practical behavior. To this point, it should be clarified that
for simplicity reasons, in this paper, no distinction will be
made between the population (e.g., μι, σi) and the relevant
sample terms (e.g., mι, si).

In addition, the FDA approach includes a secondary
constraint on the point GMR estimate of the BE study.
According to this criterion, the point GMR of the study
should lie within the range 0.80–1.25. This constraint is
used to avoid the risk of accepting two drug products which
in fact may differ significantly in their GMR values. An
interesting property of the GMR-constraint is reflected on
the fact that if the estimated GMR is exactly at the bound-
ary, then there is less than a 50% probability that the true
GMR is in the range 0.80–1.25.

Finally, it is worth mentioned that the FDAs procedure
can be applied to both AUC and Cmax estimates. The basic
characteristics of the FDAs approach are listed in Table I.

The EMA Approach (EMAs)

In August 2010, the European Medicines Agency issued
a new guideline regarding the BE assessment (3). In
case of highly variable drugs, EMA suggests the poten-
tial application of a replicate crossover design with 3 or
4 periods. It is not specified in the guideline the exact
type of the replicate design, however, it is underlined
the fact that the R product should be administered
twice. As in case of FDAs, the latter allows the estima-
tion of swR which can further be used to define scaled
with swR bioequivalence limits, Eq. (2):

Upper=Lower BE limits ¼ exp �k � swRð Þ ð2Þ

where k is a scaling factor that was set by the regulatory
authorities equal to 0.760 (3).

According to the EMAs approach, the BE limits
described by Eq. (2) should only be used when the
CVwR value of the study is between 30% and 50%.
When CVwR values are lower than 30%, the classic
0.80–1.25 limits should be used. Besides, for CVwR val-
ues greater than 50%, the extreme values 1.4319 and
0.6984 are imposed for the upper and the lower limits,
respectively (Fig. 1b). In other words, EMAs limits ex-
hibit leveling-off properties. In addition, the EMAs

method includes a GMR-constraint in the region 0.80–
1.25. Nevertheless, it should be highlighted that the
abovementioned EMAs approach applies only to Cmax,
whereas for AUC, the classic 0.80–1.25 limits remain the
only option regardless of the level of variability (3,36).

The similarities and the differences between the EMAs

and FDAs approaches are summarized in Table I.

Fig. 1 FDAs (a) and EMAs (b) bioequivalence limits as a function of within-
subject variability of the reference product (CVwR). In case of FDAs (a) a
“discontinuity” of the limits is apparent at 30%.
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Simulation Framework

Extreme GMR Accepted Values

Construction of the extreme GMR plots can serve as a tool
to investigate the range of GMR values that can be accepted
by a BE approach as a function of variability (31). This
task can be achieved by setting the Upper BE limit, of
either Eq. (1) or (2), to be equal to the Upper 90% confidence

interval, namely:

Upper BE limit ¼ Upper 90%CI ð3Þ

Similarly, the lower BE limit can be combined with the lower
part of the 90% CI.

Assuming that an equal number of subjects is included in
each sequence, then the Upper 90% CI of a three sequence,
three period crossover design (3x3) will be given by Eq. (4):

Upper 90%CI ¼ exp lnðGMRÞ þ ta;df �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2w � 3

2N

r !
ð4Þ

where s2w refers to the residual variability of the study, N is
the total number of subjects in the BE study, and tα,df is the t-
Student statistic with df02N-3 degrees of freedom (no carry-

over effect is assumed) at α00.05 significance level. If the
within-subject variability of the T product (s2wT) is equal to
that of R, namely s2wT0s

2
wR, then the residual variabil-

ity of the study will also be equal to s2wR. Thus, the
s2wR (instead of s2w) term can be used for the construction of
the Upper 90% CI in Eq. (4).

Therefore, one can substitute into Eq. (3): i) the Upper BE
limit proposed by the regulatory authorities, namely, Eq. (1)
or (2) and ii) the Upper 90% CI described by Eq. (4). Besides,
the GMR-constraint criterion of 0.80–1.25 is also consid-
ered for the estimation of the maximum and minimum
GMR accepted values.

In case of the FDAs method, when CVwR is lower than 30%,
the Upper BE limit should be set equal to 1.25, while for CVwR
values greater than or equal to 30%, the scaled BE limits
defined by Eq. (1) should be used (Table I). For the EMAs, a
more complex procedure is proposed (Table I). The classic
0.80–1.25 limits are used when CVwR is lower or equal to 30%,
while for CVwR variability values between 30% and 50%,
scaled BE limits according to Eq. (2) should be applied. Finally,
when CVwR exceeds 50% the upper or lower BE limits should
be set to their extreme values 1.4319 or 0.6984, respectively.

In this study, the maximum and minimum accepted
GMR versus CVwR plots were constructed in case of FDAs

and EMAs assuming CVwR values from zero to 80% and
sample sizes of: 24, 36, 48, and 72 subjects.

Bioequivalence Limits

The bioequivalence criteria examined in this study include:
i) the approach FDAs proposed by the FDA scientists
(27,28), ii) the newly introduced scaled procedure, EMAs,
in the EMA guideline (3), iii) a modified FDA approach
where no GMR-constraint is applied (FDAnc), and likewise iv)
the EMAs limits without the complementary GMR criterion
which will be termed as EMAnc.

Bioequivalence Simulations—Power Curves

Two-treatment, three period, three sequence crossover (3x3)
bioequivalence studies, with equal number of subjects in each
sequence, were simulated and evaluated using the FDAs and
EMAs approaches. The R product was considered to be
administered twice, while the T only once. Therefore, three
possible sequences were derived: RTR, RRT, and TRR.

In each simulated crossover study, bioequivalence was
declared if the following two conditions were satisfied: a)
the 90% CI around the ratio of the geometric means for the
two T and R products was between the BE limits (31) and b)

Table 1 The Basic Features of
the FDAs and EMAs Methods

aSee Ref. (27,28)
bSee Ref. (3)
cIn case of EMAs, the possibility to
widen the acceptance criteria
apply only to Cmax. For AUC, the
classic 0.80–1.25 approach
should always be used (3)
dFor EMAs the switching criterion
is: CVwR≤30%
eFor EMAs the switching criterion
is: 30%<CVwR<50%

Bioequivalence approach

FDAs
a EMAs

b,c

Clinical design Full- or Semi-replicate Full- or Semi-replicate

GMR-constraint 0.80–1.25 0.80–1.25

Scaling criterion swR swR
Scaling factor k′0 ln(1.25)/0.25≈0.893 k00.760

Switching criterion CVwR (%) CVwR (%)

Upper/Lower BE limit:

CVwR<30% d 0.80–1.25 0.80–1.25

30%≤CVwR<50% e

¼ exp � lnð1:25Þ � swRsw0

� � exp �k � swRð Þ
CVwR≥50% 0.6984–1.4319
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the true GMR of a simulated BE study lay between the
0.80–1.25 region. Alternatively, the method proposed by
Tothfalusi and Enrendyi (23) could have been used. The
latter is based on the classic 90% CI approach, but it utilizes
a non-central t-distribution to estimate the confidence
limits. In the current analysis, the first approach was
used. The results derived from this method were in
accordance with the data published from the FDA
working group (33) and have also successfully been applied
to previous works (24–26).

Log-normal distribution was assumed for the PK param-
eter under study. To be in agreement with the EMA guide-
line, this PK parameter could only refer to Cmax and not to
AUC (3). In all cases, the within-subject variability of the T
was assumed to be equal to that of R product. Several levels
of theoretical CVwR values were considered for the simula-
tions: 20%, 40%, 50%, and 70%. Each of these CVwR values
was selected to reflect a different situation that can poten-
tially be encountered in practice: i) in the case of low
variability (20%), all approaches (FDAs, EMAs, FDAnc,
and EMAnc) are theoretically identical and no differences
would be expected, ii) when CVwR is set equal to 40%, all
methods are based on scaling criteria which, however, utilize
different expansion factors (3,27,28), iii) the 50% variability
was selected since it refers to the point where the EMAs and
EMAnc limits are transformed into the constant 0.6984 or
1.4319 limits, and finally iv) the CVwR070%, is used to assess
the performance of the different methods when the drug
exhibits high within-subject variability.

The entire analysis was done assuming several levels of
sample size, such as: 18, 24, 30, 36, 48, 60, 72, 84, 96, 108,
120, and 150. Plausibly, some combinations of the above-
mentioned conditions may not seem realistic; for example,
no BE study with 70% variability would be conducted, if it
included only 18 subjects. However, such types of cases were
added in the simulations only for comparative and complete-
ness purposes. Besides, this will allow us to unveil any possible
trends of the behavior of the different BE criteria.

The theoretically true GMR value was gradually
changed, from 1.00 to 1.60 using a step of 0.05. Under each
condition, 40,000 BE trials were simulated and the percent-
age of accepted studies was recorded. This allowed the
construction of Power curves by plotting the % acceptance
values as a function of GMR. According to the EMA guide-
line (3), the scaling approach can only be applied to Cmax.
Thus, strictly speaking the power estimates shown in this
study actually refer to the case of Cmax. The entire program-
ming work was implemented by developing the appropriate
functions in MATLAB® (The MathWorks, Inc).

It is worth mentioning that the FDAs and EMAs are
based on switching variability values (e.g., 30%) to define
their BE limits. This implies that at regions close to the
switching values, some simulated studies will follow one

criterion and some others a different criterion. For example,
close to the CVwR030%, the FDAs and EMAs limits will
either be constant 0.80–1.25 or follow their scaled criterion
defined by Eq. (1) and (2), respectively. Since Monte Carlo
simulations were used to generate the data, the behavior
which is depicted in the power curves as a single point,
actually, reflects the overall performance.

RESULTS

Figure 1 presents the newly proposed BE limits of FDAs and
EMAs as a function of within-subject variability of the R
product. Despite the fact that both FDAs and EMAs include
scaling with swR, these two methodologies exhibit a different
pattern of widening. In case of the FDAs approach (Fig. 1a),
constant limits (0.80–1.25) are set for CVwR values up to 30%.
After this switching variability value, a scaled BE criterion is
applied which is described by Eq. (1). It should be highlighted
that the FDAs limits endlessly expand with variability.

A deeper inspection of the FDAs limits (Fig. 1a) reveals the
discontinuity that exists at CVwR030%, an issue which was
extensively discussed by Endrenyi and Tothfalusi (37,38). In
Fig. 1a, this discontinuity is shown as a small “jump” from the
1.25 (or 0.80) value at CVwR030%. The reason for this ab-
normality arises from the fact that the preset regulatory stan-
dardized variation was set to be sw000.25, namely, lower than
the switching variability value 30% (27). In addition, it is
important to note the fact that a CVwR value equal to 30%
does not exactly correspond to a 0.30 value for swR, but to a
value of 0.2935, since CVwR and s2wR, are linked by the

relationship: CVwR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
es

2
wR � 1

p
. The specific assignment of

values, made by FDA, for the switching variability and for sw0,
makes the BE limits discontinuous at CVwR030% value. How-
ever, this abnormality could have been avoided if, for exam-
ple, these two values were set at the same level (37).

The behavior of the EMAs limits is depicted in Fig. 1b.
The EMAs limits follow a pattern similar to that of the FDAs

at low variability values. However, EMAs becomes very
different from FDAs at high variabilities. The EMAs limits
include two switching variation values: one at CVwR030%
and another at 50%. When CVwR is lower than 30% or
greater than 50%, the upper BE limit refers to the horizon-
tal line at 1.25 or 1.4319, respectively. In the same manner,
the lines at 0.80 and 0.6984 refer to the lower limits. Be-
sides, when CVwR lies between 30% and 50%, an exponential
increasing segment exists, according to Eq. (2).

Figure 2 presents the maximum and minimum GMR
accepted values as a function of CVwR in case of FDAs

(Fig. 2a) and EMAs (Fig. 2b) assuming sample sizes of 24,
36, 48, and 72. As shown by these plots, two drug products
can be declared bioequivalent if the corresponding GMR
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value is between its upper and lower boundary. Visual
inspection and comparison of Fig. 2a with 2b reveals that
initially FDAs and EMAs exhibit similar behavior, but after
the switching point 30% a discrepancy in the performances
becomes obvious. When CVwR is lower than 30%, no scaling
exists for FDAs and EMAs since both BE limits are equal to
0.80 or 1.25. In Fig. 2, this attribute is depicted as the first
narrowing part of the curves.

However, after the CVwR030% value, scaled BE limits
take effect for FDAs and EMAs, which impose the range of
the acceptable GMR values to gradually increase (Fig. 2).
However, in the case of EMAs, this expansion does not last
forever, but stops when CVwR values approach the 50%
variation. In case of FDAs limits, a straight line at 1.25
suddenly becomes apparent close to CVwR050% (Fig. 2a).
This finding can be attributed to the existence of the sec-
ondary GMR-constraint criterion which becomes effective.
This is due to the fact that at these high variability values,
the FDAs limits have become very liberal due to scaling
according to Eq. (1). The GMR-constraint, then, gets
stricter and exerts the dominate role in the determination
of bioequivalence. In other words, the GMR criterion imposes
the extreme GMR values to be at the 1.25 (maximum) or the

0.80 (minimum) values. As the number of subjects par-
ticipating in the study increases, the effect of GMR-
constraint becomes more pronounced (Fig. 2a). In such
cases, the boundary lines at 1.25 and 0.80 appear earlier, i.e.,
at lower CVwR variabilities.

Another point of special importance is how the
“discontinuity” of FDAs limits is reflected on the extreme
GMR versus CVwR plots. Actually, Fig. 2a reveals that again a
“jump” becomes apparent at the switching value 30%. In
other words, the sudden widening of BE limits at
CVwR030% (Fig. 1a) leads to an abrupt expansion of the
extreme GMR values.

A different behavior is evident for EMAs (Fig. 2b). In this
case, the role of GMR-constraint is limited only at regions
around CVwR050%. The underlying reason for this attri-
bute should be due to the nature of the EMAs procedure.
The EMAs limits scale with swR, but only up to CVwR050%.
Thus, for greater variability values, the EMAs limits remain
constant to the values achieved at CVwR050% (i.e., 1.4319
or 0.6984). This attribute imposes the EMAs limits to be
“self-confined” for high variability values. Therefore, the
GMR-constraint appears to only be effective at CVwR values
around 50%. Again, as sample size increases, the role of the
secondary GMR criterion is enhanced and can be observed
at wider regions around CVwR050% (Fig. 2b).

Figure 3 shows the percentage of simulated studies in
which BE is accepted versus the GMR of the study. The
within-subject variability was assumed to be equal to 20%,
while the sample size was equal to 24 (Fig. 3a) and 48
(Fig. 3b). Four different approaches are depicted in each plot:
FDAs, EMAs, FDAnc, and EMAnc. Visual inspection of Fig. 3a
reveals that all data are superimposed upon each other,
namely, all limits exhibit the same ability to declare bioequi-
valence when CVwR is 20%. In case of Fig. 3b, as the number
of subjects increases, the percentages of acceptance also rise.
Nevertheless, the relative performance of the four methods
(FDAs, EMAs, FDAnc, and EMAnc) remains the same.

The comparative performance of FDAs, EMAs, FDAnc,
and EMAnc is further depicted in Fig. 4, but in case of higher
variability values, such as 40%, 50%, and 70%. Figure 4a
reveals a discrepancy in the performance of FDAs and EMAs

when CVwR becomes equal to 40%; the FDAs method leads to
higher % acceptances than EMAs. As the number of subjects
increases (Fig. 4b), both methods become more permissive,
but the difference in their abilities to declare BE is preserved.

In addition, comparison of Fig. 4a and b unveils an
interesting role of the GMR constraint. At low sample sizes,
the GMR criterion seems to be ineffective; FDAs and EMAs

behave identically to their equivalents without the constraint,
i.e., FDAnc and EMAnc, respectively (Fig. 4a). However, when
a large sample size is assumed (as in case of Fig. 4b), then the
GMR constraint becomes effective for the FDAs method.
Indeed, the approach without the GMR criterion (FDAnc)

Fig. 2 Maximum and minimum accepted GMR values, for the FDAs and
EMAs limits, as a function of within-subject variability. Each curve corre-
sponds to a different number of subjects: 24, 36, 48, and 72. The
“discontinuity” of the FDAs limits becomes obvious at CVwR030%.

Bioequivalence of High Variable Drugs: FDA and EMA Approaches 1071



exhibits much higher % acceptance values than FDAs. In case
of the EMA limits (EMAs and EMAnc), no role of the GMR-
constraint can be observed at this level of variability.

When CVwR gets equal to 50%, the performance of FDAs

further deviates from that of EMAs (Fig. 4c). In other words,
the approach proposed by FDA becomes much more liberal
comparing to the EMAs, as within-subject variability
increases. The impact of GMR-constraint on the FDAs

limits is now apparent even in case of a low sample size (as
in Fig. 4c). When more subjects are recruited in the study,
the performance of EMAs is closer to that of FDAs (Fig. 4d).
Actually, this attribute starts to become evident when the
number of subjects is about 54.

Figure 4d also presents an interesting situation for the
EMAs approach. When CVwR is in the region of 50% and a
large number of subjects is used, the EMAs limits, as described
by Eq. (1), reach their most liberal value (in regard to vari-
ability). In turn, this triggers the secondary GMR-constraint to
become effective. In other words, Fig. 4d depicts an uncom-
mon situation where the GMR-constraint can be of value for
the EMAs approach.

A further increase of variability results in a higher dis-
crepancy between the performances of FDAs and EMAs

(Fig. 4e). In cases of very high within-subject variabilities,
the scaled BE limits proposed by the FDA working group
are very liberal compared to the scaled limits of EMA’s
guideline. As sample size increases, the permissiveness of
EMAs becomes similar to that of FDAs (Fig. 4f). In such
cases, the role of GMR criterion is very prominent for FDAs,
but it has no impact on the EMAs. If not such a criterion was
applied to the FDAs, then the permissiveness would be very
high. For example, even for two drug products which differ
by 50% in their PK values (i.e., GMR01.50), the probability
to be declared bioequivalent with the FDAnc (namely, with no
GMR constraint) would be more than 50% (Fig. 4f).

As it is already quoted in the “Materials and Methods”
section, a sample size of 24 subjects for a 70% variability
might be considered unrealistic. However, these kinds of
results are presented in this analysis only for reasons of com-
parison in order to detect any potential trends. Further results
for the % of studies accepted as a function of GMR for the
recently introduced FDAs and EMAs approaches are pre-
sented in the Appendix.

DISCUSSION

An aim of this study was to explore the comparative perfor-
mance of the newly proposed approaches FDAs and EMAs

Table I (3,27). In order to accomplish this task, BE studies
were simulated by using different levels of variability and
sample size. The comparative performance of FDAs and
EMAs is shown in Fig. 1. At low within-subject variabilities
(i.e., when CVwR does not exceed 30%), both methods are
based on the classic 0.80–1.25 limits. However, after this
point forward, the FDAs limits scale limitlessly with variabil-
ity. This attribute is depicted in Fig. 1a as a continuous
expansion of the limits. On the contrary, the EMAs scale
with variability, but only up to a maximum variability value
(50%), after which they remain constant and equal to the
extreme values 1.4319 or 0.6984 (Fig. 1b).

In turn, the different properties of the FDAs and EMAs

methods are reflected on the extreme GMR plots (Fig. 2).
When CVwR is lower than 30%, the extreme GMR accep-
tance range of FDAs is depicted as a shrinkage, since the
classic 0.80–1.25 limits are effective (Fig. 2a). After the 30%
point, a continuous expansion, according to Eq. (1), is ob-
served for FDAs. However, this spreading out of the GMR
acceptance range is suddenly interrupted due to the activa-
tion of the secondary GMR constraint. Without this con-
straint, the FDAs limits would continuously increase, thus,
allowing two drug products with large differences in their
GMR to be declared bioequivalent.

Fig. 3 Percentage of 3×3 bioequivalence studies accepted, by four
different approaches: FDAs, EMAs, FDAnc, and EMAnc (see “Materials and
Methods”) at various GMR values. The within-subject variability of the R
product was set equal to 20%, while sample size was assumed to be 24 (a)
and 48 (b).
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In case of the EMAs limits (Fig. 2b), a reduction of the
GMR acceptance range is initially observed, which is again
followed by an extension after CVwR030%. However, this
expansion of the GMR accepted range is now self-limited.
This is due to the fact that the EMAs limits do not scale
continuously with variability, but for CVwR>50% are con-
fined to the extreme values 1.4319 or 0.6984. In case of the
EMAs limits, the impact of the complementary GMR crite-
rion only becomes evident when a large number of subjects
is included in the BE study (e.g., 72) and CVwR is close to the
value 50%. The GMR-constraint, which takes effect
when the EMAs limits become highly liberal, is depicted
as the flat part of the curves in Fig. 2b. Nevertheless, at
higher CVwR variability values, the extreme GMR ac-
ceptance range for EMAs does not stay constant, as in
Fig. 2a, but it vanishes monotonously and converges towards
unity (Fig. 2b). This finding can be attributed to the leveling-off
properties of the EMAs limits, since for CVwR values greater
than 50%, the EMAs limits are equal to the boundary values
0.6984 and 1.4319.

The results derived from power curves in Fig. 3 are in
concordance with the findings already discussed in cases
illustrated by Figs. 1 and 2. When CVwR was set equal to
20%, namely, lower than the switching value 30%, all
approaches exhibit identical performances, since at this level
of variability the BE limits of all methods are equal to 1.25
or 0.80. However, as within-subject variability increases
(Fig. 4), the FDAs method is getting more liberal than the
EMAs. When CVwR reaches the value of 40%, the scaled
criteria of FDAs and EMAs become effective, in accordance
with Eq. (1) and (2), respectively. However, the scaling factor
of FDAs is ln(1.25)/0.25≈0.893, while the corresponding
value for EMAs is 0.760. Therefore, a greater expansion
rate with swR is anticipated and observed for FDAs.

When CVwR becomes equal to 50%, the effect of the
different scaling factors becomes more pronounced. This is
reflected on the percent values of acceptances for FDAs and
EMAs. It is quite interesting to note that at this level of
variability (CVwR050%) as few as 24 subjects seem to pro-
vide an 80% power of a BE study when the two products

Fig. 4 Percentage of 3×3
bioequivalence studies accepted,
by four different approaches:
FDAs, EMAs, FDAnc, and EMAnc
(see “Materials and Methods”) at
various GMR values. Three levels
of within-subject of the R product
were assumed: 40%, 50%, and
70%. Sample size was set equal
to 24 and 72.
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differ by 10% (i.e., GMR01.10) and are assessed with the
FDAs approach (Fig. 4c).

At higher variability values, for example 70%, the FDAs

and EMAs exhibit a totally different performance when rela-
tively few subjects are recruited in the BE study (Fig. 4e). In
such cases, the probability of declaring bioequivalence with
the FDAs approach is considerably higher than the one with
EMAs. In other words, the FDAs limits have now become very
liberal due to their continuous expansion with swR. In case of
the EMAs limits, scaling had terminated earlier at CVwR050%
and no further widening of the BE limits is now allowed. After
the 50% variability value, the bioequivalence limits stay con-
stant (1.4319 or 0.6984). Therefore, for any further increase of
variability, it will be more difficult for two drug products to be
declared bioequivalent with the EMAs approach.

In general, an increase of sample size results in an en-
hanced ability to declare bioequivalence. This attribute is
evident for both FDAs and EMAs approaches shown in
Figs. 3 and 4. Obviously, this is anticipated because it is
easier to declare bioequivalence when more subjects are
recruited in a BE study. However, it should be highlighted
that the increase of the percentages of acceptance is more
prominent for EMAs than for the FDAs method. Thus,
when more than 54 subjects are included in a BE study,
the performance of EMAs becomes very similar or even
identical to that of FDAs (Fig. 4b, d, and f).

According to the results shown in Fig. 4, the sample size
also exerts another important role. As the number of sub-
jects enrolled in the BE study is increased, the impact of the
GMR-constraint on BE acceptance becomes more significant.
For FDAs, this finding is clearly apparent at all these conditions
(Fig. 4b, d, f). Nevertheless, this attribute becomes evident for
EMAs only at regions close to the switching value of CVwR0
50% (Fig. 4d). Presumably, as sample size rises, the width of the
region around 50% gets wider.

However, one can argue that even though these major
differences between the FDAs and EMAs are theoretically valid,
in actual practice only minor differences can be detected. The
basis of this argument relies on the fact that the greatest dis-
crepancy, between FDAs and EMAs, is observed for CVwR
values higher than 50% (Fig. 2). Nevertheless, it is not impos-
sible that a drug may exhibit within-subject variability even
higher than 70%. For example, following oral administration of
a risedronate tablet, the reported within-subject variability val-
ues were 74.3% and 82.2% for AUC and Cmax, respectively (39).
Thus, the discrepancy in the ability to declare bioequivalence
would be even greater than the one shown in Fig. 4e and f. In
other words, it would be very possible to encounter the situation
where a risedronate tablet would be declared bioequivalent to
an innovator’s product following the FDAs approach, but not if
the applicant followed the EMAs procedure.

The role of GMR-constraint regarding the FDAs ap-
proach was discussed by Endrenyi and Tothfalusi (37).

However, in the current analysis, the focus was on the
relative impact of this secondary GMR-criterion on the
performances of both FDAs and EMAs. Based on these
results, it can be concluded that the effect of GMR-
constraint exerts a dominant role in determining power/
sample size for the FDAs approach when the drug under
study exhibits high within-subject variability (Figs. 2 and 4).
As CVwR and especially when sample size increase, the
impact of GMR-constraint on the BE acceptance of FDAs

becomes very prominent (Fig. 4d and f). Without the GMR-
constraint in the FDA method, it is possible (over 50% prob-
ability) for two drug products with CVwR070% to be declared
bioequivalent even when they differ 50% in their mean mea-
sure of bioavailability (Fig. 4f). In case of the EMAsmethod, the
role of GMR-constraint can only be observed under certain
conditions due to the “leveling-off” properties of the new EMAs

bioequivalence limits (40). In particular, its impact becomes
apparent only when CVwR is in the region of 50% and a large
number of subjects (e.g., greater than 60) is used (Fig. 4d).

Undoubtedly, the newly proposedmethods FDAs and EMAs

offer the opportunity to increase the power of the study without
recruiting many subjects. However, it should be stressed that
emphasis should not only be paid to the number of subjects, but
also to the total human exposure to drugs. Even though, the
FDAs and EMAs approaches require reduced sample sizes, they
are based on replicate designs (e.g., the 3x3). In other words, the
FDAs and EMAs include more periods of drug administration
and, therefore, lead to an increased exposure of humans to
drugs (41). Nevertheless, at high within-subject variability val-
ues, the new FDAs and EMAs methods are advantageous since
they require fewer subject exposures.

CONCLUSION

The aim of this study was to compare the performances of
the recently proposed methodologies by FDA and EMA for
the assessment of BE in case of highly variable drugs
(3,27,28). The relative performance of FDAs and EMAs

was eloquently proven from both the extreme GMR plots
and the power curves results. Some basic conclusions of this
analysis are itemized as follows:

i) The FDAs and EMAs approaches are in essence identical
only when variability is lower than 30%. Also, these
methods can result in similar performances when a large
number of subjects is used.

ii) In most of the cases, the FDAs method is more permis-
sive than EMAs. This behavior becomes more evident as
CVwR increases. After CVwR030%, both scale with swR,
but FDAs includes a greater scaling factor than EMAs,
which gradually becomes more permissive. The major
discrepancy, between FDAs and EMAs, is observed for
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CVwR values higher than 50% and N roughly lower than
50. This is due to the fact that the FDAs limits continue
to expand with variability, whereas the EMAs exhibit
leveling-off properties and are confined to their extreme
values 1.4319 or 0.6984.

iii) The secondary GMR-constraint was found to be essen-
tial for FDAs, especially in case of high variability. In
such cases, if no GMR-constraint was in effect, the
permissiveness of the FDAs limits would be extremely
high. However, the role of GMR-constraint is of less
importance for the EMAs. Its effect becomes evident
only when a large sample size is used and the CVwR of
the drug is close to 50%. For example, the impact of
GMR-constraint starts to become apparent when CVwR
is equal to 50% and 60 subjects are enrolled in the BE
study.

iv) The increase of sample size affects the EMAs limits more
than does to FDAs.

v) Plots of % BE acceptance versus GMR, for several sample
sizes and variabilities, were constructed. These plots can
guide those wishing to conduct three-period, three-
sequence (3x3) bioequivalence studies using either FDAs

or EMAs approach.
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APPENDIX

Three period, three sequence crossover (3x3) bioequivalence
studies, with equal number of subjects in each sequence, were
simulated using the FDAs and EMAs approaches. The design
of these studies was: TRR, RTR, RRT. In each simulated BE
study, determination of bioequivalence was based on the 90%
CI around the GMR of T and R drugs. Several levels of
sample size were assumed: 18, 24, 30, 36, 48, 60, 72, 84, 96,
108, 120, and 150 subjects. Within-subject variability of the R
was set equal to T. For the simulations, several levels of
variability were considered: 20%, 40%, 50%, and 70%. The
percentages of acceptance, for the FDAs (27) and EMAs (3)
methods, were recorded and plotted as a function of GMR.

These power curves are shown in Figs. 5 and 6 for FDAs

and EMAs, respectively. Only the region where the GMR
lies between 0.80 and 1.25 is depicted in Figs. 5 and 6. This
range of GMR was deliberately chosen, since it corresponds
to the area defined by the complementary constraint crite-
rion on GMR.

Fig. 5 Percent of studies accepted as a function of GMR for the FDAs
approach (27). Sample size (from bottom to top) is: 18, 24, 30, 36, 48, 60,
72, 84, 96, 108, 120, and 150. Four levels of within-subject variability are
shown: 20%, 40%, 50%, and 70%.
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