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Purpose. i) To develop novel approaches for the construction of bio-
equivalence (BE) limits incorporating both the intrasubject variabil-
ity and the geometric mean ratio (GMR), and ii) to assess the per-
formance of the novel approaches in comparison to several scaled BE
procedures and the classic unscaled average BE.
Methods. Plots of the BE limits or the extreme GMR values accepted
as a function of the coefficient of variation (CV) were constructed for
published and the developed scaled procedures. Two-period cross-
over BE investigations with 12, 24, or 36 subjects were simulated with
assumptions of a CV 10%, 20%, 30%, or 40%. The decline in the
percentage of accepted studies was recorded as the true GMR for the
two formulations was raised from 1.00 to 1.50. Acceptance of BE was
evaluated by published and the developed scaled procedures, and, for
comparison, by the unscaled average BE.
Results. Two GMR-dependent BE limits are proposed for the evalu-
ation of average BE: i) BELscG1 with Ln(Upper, Lower BE limit)
� ±[(5 − 4GMR)0.496s + Ln(1.25)], and ii) BELscG2 with Ln(Upper,
Lower BE limit) � ±[(3 - 2GMR)(0.496s + Ln(1.25))], where s is the
square root of the intrasubject variance. The range of BE limits be-
comes narrower as GMR values deviate from unity, and increases
with variability. The two new approaches exhibit the highest statisti-
cal power at low CV values. At high levels of variability, BELscG1
and BELscG2 show high statistical power, as well as the lowest per-
centages of acceptance among the scaled methods when GMR �

1.25. The latter becomes more obvious when a large number of sub-
jects is incorporated in the studies.
Conclusions. The GMR and CV estimates of the BE study can be
used in conjunction with the GMR vs. CV plot for the assessment of
average BE. The new approaches, BELscG1 and BELscG2, appear
to be highly effective at all levels of variation investigated.

KEY WORDS: bioequivalence; GMR; highly variable drugs; regu-
latory criteria; scaled bioequivalence limits.

INTRODUCTION

The classic methodology (1,2) for the determination of
bioequivalence (��) is based on the two-period crossover
design where two drug products are considered bioequivalent
if the 90% confidence interval (CI) for their mean relative
bioavailability (average bioequivalence, ABE) lies between
the predefined limits 0.80–1.25. However, the problems of
establishing BE for highly variable (HV) drugs with these
constant values for BE limits, that is, with the present un-
scaled ABE, are well-known (3–5). For example, it is very
difficult to prove BE when the intrasubject variability is high
[coefficient of variation (CV) >30%], and a large number of
subjects is required to achieve adequate statistical power. On
the other hand, it has been realized that the unscaled ABE
allows large differences between the means for drug products
with low residual variability. This constitutes a potential prob-
lem of switchability for multisource formulations, each de-
clared bioequivalent to the same reference product (6,7). A
problem may also arise in the case of toxic drugs with low
variability and narrow therapeutic range (7).

To overcome these difficulties, several approaches have
been proposed. In order to reduce intrasubject variability,
multiple dose steady-state studies have been considered (8).
Replicate designs for single-dose studies, reducing the total
number of subjects required, have also been proposed (2,5,8).
Nevertheless, these methods increase the duration of expo-
sure of the volunteers and moreover, potential practical prob-
lems may arise (e.g., increased incidence of subject withdraw-
als).

An alternative method was discussed, especially for
pharmacokinetic parameters showing increased variation as
peak plasma drug concentration, Cmax, that is, widening the
bioequivalence acceptance limits to prefixed constant values
(0.70–1.43) (1,4,9). Additionally, a method for expanding the
limits for HV drugs, based on the estimate of the intrasubject
CV, was proposed; therefore, BE limits are scaled according
to a fixed multiple of CV (10). Different rationales have been
developed concerning the choice of the proportionality factor
for scaled BE limits termed hereafter BELsc (7,10,11). More-
over, several other procedures like Individual Bioequivalence
(12–16) or scaled Average Bioequivalence (ABEsc) (17,18)
have been considered. It is worth mentioning, that the model
for ABEsc can be readily converted to that of the BELsc.
Indeed, when investigated, the two approaches yielded very
similar results (18). Nevertheless, as mentioned earlier (18),
the BELsc procedures could be preferred because the rel-
evant confidence limits can be easily computed by the usual
t-statistics.

In recent papers (9,11), two interesting variants of the
scaled procedure were investigated. The first approach pro-
posed a mixed method (11), using the classic unscaled ABE
when drugs do not exhibit high variability, and scaled ABE
for HV drugs, that is, when a preset magnitude of the vari-
ability is exceeded. The “switching” variability, �0, for the
scaled ABE was set to 0.20, and corresponds to a proportion-
ality constant, (Eq.10 of Ref 11), k � Ln(1.25)/�0 � 1.116.
The mixed model (11) for scaled ABE can be converted to a
mixed approach of scaled BE limits, using the classic unscaled
criterion up to CV 20% and scaled BE limits with a propor-
tionality factor of 1.116, for CV over 20%. The second ap-
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proach is dealing with the deviations of geometric mean ratios
observed while using scaled procedures. Because large differ-
ences between the means can be accepted by scaled methods
with substantial probabilities, an additional regulatory crite-
rion was imposed concomitantly with the classic 90%CI in BE
limits (9). This secondary criterion suggests that the estimated
ratio of geometric means (GMR) should be constrained in the
range 0.80–1.25.

In this study, we present a new approach for the con-
struction of scaled BE limits criteria. In order to overcome the
drawbacks of the classic and the scaled BE limits already
appearing in literature, we propose a different rationale for
the development of the scaled limits. Our approach is based
on the incorporation of a GMR constraint criterion for the
construction of BE limits. In this context, both the GMR and
residual variability estimates are used for the formulation of
acceptance limits. The performance of the resulting new
scaled procedures is evaluated and compared with the per-
formance of the classic unscaled ABE and several scaled
methods proposed in the literature.

METHODS

The usual procedure for determining the average bio-
equivalence of two formulations implies that the means of a
logarithmically transformed metric, (such as LnCmax or
LnAUC) for the test and the reference formulations are con-
trasted. Bioequivalence is declared if the 90% confidence in-
terval (CI) for the difference of log means is within preset
bioequivalence limits. Assuming two-treatment, two-period,
crossover BE studies, with equal numbers of subjects in each
sequence, the upper and lower limits of the 90%CI are cal-
culated according to Eq. 1:

Upper, Lower limits of the 90% CI

= exp�Diff ± t0.05,N−2 �s22�N� (1)

where Diff is the difference of test and reference means of the
metric mT and mR, respectively, that is, Diff � Ln(mT) −
Ln(mR); s2 is the intrasubject variance [estimated by the mean
square error (MSE) of ANOVA], and N is the number of
subjects.

As shown earlier (7), in the case where the upper limit of
the 90%CI falls exactly on the upper preset BE limit, Diff
becomes equal to Diffmax which is the maximum acceptable
difference between means:

Upper limit of the 90% CI = exp�Diffmax ± t0.05,N−2 �s22�N�

= Upper BE limit (2)

As can be seen from Eq. 2, the maximum acceptable
difference, and therefore the maximum acceptable geometric
mean ratio GMRmax (GMRmax + exp[Diffmax]), for a given
number of subjects, is related not only to the estimated intra-
subject variance, but also to the value of the preset upper BE
limit. Therefore, the maximum difference for the classic pre-
set Upper BE limit, 1.25, is calculated by

Diffmax = Ln�Upper BElimit� − �t 0.05,N−2 �2�N�s

= Ln�1.25� − �t 0.05,N−2 �2�N�s (3)

Equation 3 clearly shows that the value of Diffmax dimin-

ishes as the variability increases and consequently BE of HV
drugs becomes more difficult to be proven.

On the other hand, if the Upper BE limit is defined as a
fixed multiple of intrasubject variability, that is, Upper BE
limit � exp(ks), according to the method proposed by Boddy
et al. (10), Diffmax is given by Eq. 4:

Diffmax = ks − �t 0.05,N−2 �2�N�s (4)

where k is a proportionality constant. Several values were
assigned to k, that is, 1.116 (11), 1 (10), and 0.75 (7). For N �
12 to 36, the quantity t0.05,N–2√2/N varies from 0.74 to 0.40.
Therefore, the right hand side of Eq. 4 is positive and shows
that the value of Diffmax increases with the variability. At high
level of variation, Diffmax risks to attain a value exceeding the
“goal post” of Ln(1.25).

Rationale for the Development of the New BE Limits

An inverse approach focusing on the control of Diffmax

was used for the development of the new scaled BE limits. In
this context, Diffmax was fixed to a specific value and then the
appropriate value for the Upper BE limit was calculated:

Diffmax = Ln�Upper BE limit� − �t 0.05,N−2 �2�N�s
= k2Ln�1.25� (5)

where k2 is a “constrain” factor for the Diffmax value. Equa-
tion 5 yields:

Ln�Upper BE limit� = �t 0.05,N−2 �2�N�s + k2Ln�1.25� (6)

The scaled BE limit defined by Eq. 6 depends not only on
the variability (s) but also on the number of subjects partici-
pating in the BE study. However, it would be more conve-
nient to define BE limits not dependent on N. This can be
accomplished by re-writing Eq. 6 as:

Ln�Upper BE limit� = k1s + k2Ln�1.25� (7)

where k1 is a proportionality factor. The development of Eq.
7 satisfies the need of i) “constraining” (9) the GMRmax ac-
cepted values and ii) scaling the BE limits according to a
multiple of residual variability (10). Equation 7 can be also
viewed as a general form of BE limits, scaled or unscaled.
Indeed, if k1 � 0 and k2 � 1, Eq. 7 reduces to the classic
definition of unscaled BE limits. On the other hand, if k1

equals to 1.116 or 1 or 0.75, and k2 � 0, then the resulting
Upper BE limits correspond to previously reported scaled BE
limits (7,10,11).

The value of k1 in Eq. 7 can be chosen to control the
steepness of the ascending trend of the upper BE limit as
variability increases. For a “typical” number of subjects, for
example, N � 24, the quantity t0.05,22√2/24 equals 0.496.
Therefore, a possible choice for k1 is 0.496. Accordingly, the
minimum value of the Upper BE limit is equal to
exp(k2Ln(1.25)) for the theoretical case s � 0. However, Eq.
5 indicates that Diffmax,n�24 is constant and equal to
k2Ln(1.25). If N < 24, then Diffmax shows a descending trend
as variability increases. The inverse is observed for N > 24.

A possible choice for the “constrain” factor, which is the
simplest one, is k2 � 1. In this case, the resulting scaled BE
limits termed BELscN1, Eq. 8, are always wider than the
classic unscaled BE limits:

Karalis, Symillides, and Macheras1934



Ln�Upper BELscN1� = 0.496s + Ln�1.25� (8)

An inhered problem of the scaled methods is that large
differences between the means can be accepted with substan-
tial probabilities. Obviously, the BE limits constructed on the
basis of Eq. 8 will have the same drawback. This inhered
problem prompted us to re-examine the choice of k1 in order
to design scaled BE limits showing high statistical power un-
der the condition of true BE, and incorporating an effective
constraint for GMR.

The simplest approach is to design scaled BE limits by
combining only the best performance of the “permissive”
BELscN1 under the condition of true BE with GMR � 1 and
the performance of classic unscaled BEL when GMR � 1.25.
This situation corresponds to k1 � 0.496 when GMR � 1 and
k1 � 0 when GMR � 1.25, respectively. The combination of
these properties into a single criterion requires a GMR de-
pendent factor k1, that is, k1 � f(GMR). This function de-
scribes a more general aspect of a constrained criterion. As-
suming that k1 is linearly related to GMR, k1 � a + bGMR,
and the pairs (GMR, k1) mentioned above with (1, 0.496) and
(1.25, 0) satisfy the linear relationship, the following expres-
sion for k1 was derived: k1 � (5 − 4GMR)0.496. These cal-
culations lead to new BE limits (termed hereafter BELscG1)
incorporating, both, the intrasubject variability, s, and the
GMR, of the specific BE study. Accordingly, the upper limit
for BELscG1 is:

Ln�Upper BELscG1� = �5 − 4GMR�0.496s + Ln�1.25� (9)

Unscaled BE limits, as mentioned in the Introduction
section, allow large differences between the means for drug
products with low variability. Therefore, another approach
was also undertaken in order to design scaled BE limits with
a less permissive behavior at GMR � 1.25. A rather conser-
vative choice for k1 and k2 values in Eq. 7 can be derived from
the consideration of two multisource drug formulations (T1
and T2) each declared bioequivalent with the same reference
product (R) in separate BE studies. Assuming equal number
of subjects and equal residual variabilities, as mentioned ear-
lier (7) for an extreme theoretical case, where the upper limit
of the 90%CI for T1/R is 1.25 and the lower limit of the
90%CI for T2/R is 0.80, the difference between the two test
means equals twice the Diffmax. In order to reduce the maxi-
mum difference of means accepted, the values of k1 �
0.496·0.5 and k2 � 0.5 were considered and the so derived
scaled BE limits are termed hereafter BELscN2; the upper
limit for BELscN2 is:

Ln�Upper BELscN2� = 0.5�0.496s + Ln�1.25�� (10)

The BELscN2 limits are narrower than the classic un-
scaled BE limits at low level of variability but they become
wider as variability increases. In order to reduce the large
differences between the means allowed at a low variability
level, the best performance of the “permissive” BELscN1
when GMR � 1 was combined to the more “strict” perfor-
mance of BELscN2 when GMR � 1.25 The incorporation of
these properties into a single criterion was obtained using the
(GMR, k1) pairs with (1, 0.496) and (1.25, 0.5·0.496) and the
(GMR, k2) pairs with (1,1) and (1.25, 0.5), in a similar way to
that used for the abovementioned method BELscG1. In this
case, the so derived scaled BE limits, termed BELscG2, in-
corporate GMR-dependent k1 and k2 factors. The resulting
upper limit for BELscG2 is

Ln�Upper BELscG2� = �3 − 2GMR)[0.496s + Ln�1.25�� (11)

It should be noted that Eqs 9 and 11 apply for GMR
� 1; when GMR < 1 the reciprocal of GMR is used to cal-
culate the upper BE limit. Starting from Eq. 1, the Lower BE
limit for BELscN1, BELscN2, BELscG1 and BELscG2 can
be calculated in a similar way.

Scaled BE Limits Considered in the Current Study

Several methods for scaling BE limits reported in the
literature (7,9–11), the clasic unscaled BE limits, and the new
approaches were evaluated for comparative purposes. Vari-
ous alternative possibilities for scaled average BE (ABEsc)
have been already proposed (11). As mentioned in the Intro-
duction section, a model for scaled average BE (ABEsc) can
be readily converted to the corresponding model of scaled BE
limits (BELsc). In addition, when investigated, the two ap-
proaches yielded very similar results (18). Therefore, only
BELsc methods were used in the present investigation.

Based on Eq. 7, the general form of Upper and Lower
BE limit can be written as

Ln�Upper, Lower BE limit� = ±�k1s + k2Ln�1.25�� (12)

Using the notation of Eq. 12, the BE limits considered in
the present study are listed in Table I.

Extreme GMR vs. CV Plots

Extreme values of GMR accepted on the basis of the
various scaled BE limits considered were calculated as a func-
tion of intrasubject variability (expressed as ANOVA-CV).
Assuming two-period crossover BE studies, GMRmax values

Table I. Methods Based on Scaled BE Limits; k1 and k2 are the Factors of Eq. 12

Method Description k1 k2 Reference

BELscG1 Scaled BE limits incorporating a GMR-dependent constraint criterion (5–4GMR)0.496 1 This study
BELscG2 Scaled BE limits incorporating a GMR-dependent constraint criterion (3–2GMR)0.496 3-2GMR This study
BELscN1 Scaled BE limits incorporating a constant constraint criterion for GMR 0.496 1 This study
BELscN2 Scaled BE limits incorporating a constant constraint criterion for GMR 0.5 � 0.496 0.5 This study
BEL Unscaled BE limits 0 1 (2)
BELsc1 Scaled BE limits 1.116 0 (11)a

BELsc2 Scaled Be limits 1.000 0 (10)
BELsc3 Scaled BE limits 0.759 0 (7)
BELsc1M Mixed model: Unscaled BE limits up to CV 20% and BELsc1 for CVs >20% 0 or 1.116 1 or 0 (11)a

BELsc2C BELsc2 with the additional criterion: 0.80 � GMR � 1.25 1.000 0 (9)a

a The corresponding ABEsc procedure is reported.
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can be computed by substituting in Eq. 13 the appropriate
Upper BE limit for each procedure considered

GMRmax = exp�Diffmax�

= exp�Ln�Upper BE limit� − �t 0.05,N−2 �2�N�s�
(13)

The corresponding minimum values of GMR (GMRmin)
can be computed in a similar way. Extreme values of GMR
were calculated for several levels of sample size, that is, for
N � 12, 16, 18, 24, 32, and 36. Extreme values of GMR ac-
cepted by BELscG1 and BELscG2 were computed numeri-
cally with an iterative method. GMR vs. CV plots were con-
structed and used as a tool for the assessment of the different
scaled approaches in bioequivalence studies.

Simulations

Two-treatment, two-period, crossover bioequivalence
studies, with equal number of subjects in each sequence, were
simulated and evaluated using the BE limits listed in Table I.
BE was declared in each simulated crossover study if the
90%CI around the ratio of the estimated geometric means
(GMR) for the 2 drug products was between preset BE limits;
12, 24, or 36 subjects were assumed to participate in the simu-
lated trials. Log-normally distributed parameters were as-
sumed. The true CV values considered for the simulations,
ranged from 10% to 40%. The standard deviations (�) of the
logarithmically transformed parameters were calculated from
the preset CV by � � √Ln(1 + CV2) . The average parameter
value for the reference formulation was set to 100 arbitrary
units. The true ratio of geometric means was gradually
changed, from the condition of true BE to increasing devia-
tions from BE. Therefore, simulated GMR values ranged
from 1.00 to 1.50.

Twenty thousand simulated BE trials were performed
under each condition. The percentage of simulated studies in
which BE was accepted was then recorded. Power curves
were constructed by plotting the percentage of acceptance vs.
the true value of the GMR. The conditions of clinical BE
trials were simulated by developing a computer program in
Fortran. The program was validated by comparing some of
the simulated acceptances of BE studies using BEL with pre-
viously published power curves (11,18,19). In addition, the
overall accuracy of the simulation method was assessed by
recording the number of times the true GMR value is within
the 90% confidence interval. In all cases, the percent of true
GMR value within the confidence interval was found to be
90%.

RESULTS AND DISCUSSION

BE Limits-CV and GMR-CV Relationships for the
Methods Considered

Figure 1 presents a graphical illustration of BE limits as
a function of residual (intrasubject) variability, expressed as
ANOVA-CV %. The two new approaches BELscG1 and
BELscG2 are shown along with the classic unscaled BEL of
0.80–1.25 and two scaled methods BELsc1M [the interesting
mixed model, (11)] and BELsc2 [a typical scaled procedure,
(10)]. Because both BELscG1 and BELscG2 also vary with
the magnitude of GMR, the shaded areas of Fig. 1 indicate

the range of GMR values used, namely 0.80 � GMR � 1.25.
As can be seen from Fig. 1, all scaled BE limits, in contrast to
the classic invariant BEL, become wider as variability in-
creases. However, BE limits widening for BELscG1 and
BELscG2 has less steep slopes than the other scaled methods.

Figure 2 shows the maximum and minimum GMR ac-
cepted values for two-period crossover bioequivalence stud-
ies, by various scaled BE approaches, as a function of the
residual variability (intrasubject ANOVA-CV). Several levels
of sample size were considered, namely, N � 12, 16, 18, 24, 32,

Fig. 1. BE limits as a function of intrasubject variability (ANOVA-
CV %) for five methods are shown. The BE limits for the methods
BELscG1 and BELscG2 vary with the magnitude of GMR; the two
shaded areas correspond to the GMR range 0.80–1.25 studied. The
borderlines of these areas correspond to GMR values (from top to
bottom): 1, 1.25, 0.80, 1. The dotted lines correspond to the classic
unscaled BEL.
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and 36. Extreme values of GMR for the classic unscaled BEL
0.80–1.25 were also calculated for comparison. For a given
sample size, upper and lower curves, in all graphs of Fig. 2,
correspond to the maximum acceptable deviation of GMR
from unity, when test and reference formulations are declared
bioequivalent. Therefore, all values of GMR lying between
the minimum (GMRmin) and the maximum (GMRmax) line,

for the given sample size, indicate bioequivalence between
the two drug products.

As expected, unscaled BEL allows large deviations be-
tween the means, that is, allows great deviations from unity of
the GMR values, for drug products with low residual variabil-
ity. On the other hand, unscaled BEL, appears to be very
strict for HV drugs since the range of the GMR accepted

Fig. 2. Extreme GMR (values) accepted by six methods as a function of intrasubject variability (ANOVA-CV). Each line corresponds to a
different level of sample size, N, considered. Key (from top to bottom): N � 36, 32, 24, 18, 16, and 12, for the upper family of curves (GMRmax

lines) and N � 12, 16, 18, 24, 32, and 36 for the lower family of curves (GMRmin lines).
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values decreases dramatically for CV values higher than 20%.
This observation agrees with the very well known fact that it
is very difficult to prove bioequivalence when the intrasubject
variability is high. As can be seen in Fig. 2, when CV >30%,
the maximum difference allowed for GMR, using the un-
scaled BEL, is less than 10%, even when a large number of
subjects is used. For example, at CV � 40% the maximum
GMR accepted for the two products is only 1.03 and 1.07
assuming 24 and 36 subjects participating in the BE study,
respectively.

To overcome these difficulties several methods for ex-
panding BE limits have been proposed. A typical example of
the most widely used scaled criterion (10), (BELsc2, Table I)
is presented in Fig. 2. As can be seen, when variability is low,
very small deviations of GMR from unity are permitted. For
example, at CV � 10% the allowed GMRmax value is only
1.03 when 12 subjects are assumed to participate in the BE
study. Moreover, even with a large number of subjects, N �
36, the GMRmax allowed is only 1.06. Consequently, BELsc2
appears to be very strict for drugs with low variability and
probably inappropriate even for the evaluation of drugs with
narrow therapeutic range. This also applies for other scaling
methods, for example, BELsc3 (20). As variability increases,
BELsc2 becomes very liberal, allowing GMRmax greater than
1.25. For example, at high level of variation, that is, CV �
40%, the GMRmax value allowed is 1.26 when 36 subjects are
assumed to participate in the BE study. In this case, the cor-
responding upper limit of the 90% confidence interval is 1.46.
At this high level of variability, the scaling method BELsc1,
Table I, is even more liberal than BELsc2 (data not shown).
The joint application of BELsc2 with a constraint on GMR
between 0.80 and 1.25 (9) (method BELsc2C, Table I) is not
too liberal in terms of GMR for HV drugs, but it is too strict
for low variability drugs as mentioned above for all scaled
methods. According to Fig. 2, when the mixed model
BELsc1M is used, the range GMRmax–GMRmin decreases as
CV values increase up to 20%. For CV � 20% the range
GMRmax–GMRmin reaches a minimum value and then in-
creases again for values of CV higher than 20%. Conse-
quently, this approach is less permissive for drugs with mod-
erate variability than for drugs with low or high variability.
This discontinuity in monotony of the GMR vs. CV plots
might be an unfavorable property of the method, because it
appears to “punish” drugs with moderate variability.

The two new proposed scaling methods are shown on the
bottom graphs of Fig. 2. The general aspect of the GMR vs.
CV plots is similar for the two approaches. Both new scaled
methods become more strict as variability increases, in the
same sense as unscaled BEL, but with less steep curves. As
expected, based on the design of these scaled methods,
BELscG1 appears to be more liberal than BELscG2 at low
variability level. For the theoretical case of no variability,
BELscG1 allows, as the classic unscaled BEL, GMRmin and
GMRmax values equal to 0.80 and 1.25, respectively. In con-
trast, at CV � 0%, BELscG2 allows GMRmin and GMRmax

values of 0.86 and 1.16, respectively. For both approaches
there is a gradual decrease of the range GMRmax–GMRmin as
variability increases and the two methods become practically
identical at high variability level, that is, at CVs roughly over
35%.

Similar plots were constructed (data not shown), relating
extreme GMR values allowed with Mean Square Error
(MSE) from ANOVA. The GMR vs. CV plots of Fig. 2 or
alternatively GMR vs. MSE plots can be used directly for the
assessment of bioequivalence using the different approaches
examined. In this context, two drug products evaluated in a
two-period crossover study with a given number of subjects
N, can be declared bioequivalent when the (CV, GMR) da-
tum point based on the estimates of the study lies between the
minimum (GMRmin) and the maximum (GMRmax) values.

We also examined the methods BELscG1 and BELscG2,
in comparison to the classic BEL, from the point of view of
the “sensitivity” (�) proposed by Shuirmann (21). The results
of the analysis revealed that at high ANOVA-CV % the two
new methods, present higher � values (data not shown) than
the unscaled BEL.

Assessment of BE Using the Methods Considered

Table II presents the percentages of studies in which BE
was accepted by applying the classic unscaled BEL and the
various scaled methods listed in Table I. Two-period cross-
over simulated studies performed with 24 subjects and intra-
subject coefficient of variation of 30% were assumed. The
simulated ratio of the geometric means (GMR) varied from
1.00 to 1.45. As expected, the unscaled BEL procedure yields
quite low acceptances, and therefore low statistical power

Table II. Acceptance (%) of Bioequivalence of Two Drug Products in Two-Period Crossover Simulated Studies with 24 Subjects (CV � 30%)
Using the Methods Listed in Table I

Method

GMRa

1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45

BELscG1 89.8 85.3 69.1 49.2 30.1 16.1 7.1 3.0 1.1 0.3
BELscG2 86.3 81.8 63.6 43.2 24.9 12.6 5.2 2.0 0.7 0.2
BELscN1 99.2 98.0 93.5 83.7 68.9 49.9 32.2 18.1 9.0 3.9
BELscN2 35.9 30.7 20.3 10.1 4.3 1.5 0.5 0.2 0.0 0.0
BEL 63.7 56.5 40.2 23.8 11.6 5.0 1.8 0.6 0.2 0.0
BELsc1 95.7 92.6 82.9 67.6 48.9 31.5 17.9 8.9 3.9 1.5
BELsc2 90.6 85.5 71.5 52.9 33.8 19.1 9.3 4.0 1.4 0.5
BELsc3 63.1 55.4 39.2 22.3 10.6 4.3 1.4 0.5 0.1 0.0
BELsc1M 95.8 92.6 83.0 67.7 49.0 31.6 18.0 8.9 3.9 1.5
BELsc2C 90.6 85.5 71.5 52.9 33.8 19.1 9.3 4.0 1.4 0.5

a The true ratio of geometric means.
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(e.g., 63.7% when true GMR � 1). The scaled procedure
BELsc3 also yields similar low acceptances, and appears to be
the most “strict” among the proposed scaled methods in the
literature. The proportion of accepted studies is substantially
higher when BELsc2 and BELsc2C are considered. For GMR
� 1, the statistical power reaches the fairly acceptable level of
0.906. At this level of variation (CV � 30%), the perfor-
mance of BELsc2C is practically identical to that of BELsc2.
The constraint on GMR has no effect on the acceptance of
bioequivalence, even at high values of the true ratio of geo-
metric means. Both BELsc2 and BELsc2C, appear to be
somewhat permissive when the two drug products differ more
than 25%. The two methods show an acceptance percentage
of 19.1%, when true GMR � 1.25. The performance of
BELsc1M is very similar to that of BELsc1. When there is no
difference between the two products (GMR � 1), the per-
centages of accepted BE studies are 95.8% and 95.7%, re-
spectively. However, the two methods become very permis-
sive, even when GMR � 1.25, with the percentage of ac-
cepted studies reaching the rather high level of 31.6%. As
expected from their design, BELscN1 appears to be too “lib-
eral” while BELscN2 appears to be very “strict”, at all levels
of the true GMR assumed. It is interesting to mention that the
highest statistical power is observed for BELscN1 when GMR
� 1, and the lowest percentage of acceptance is observed for
BELscN2 when GMR � 1.25. The new methods BELscG1
and BELscG2, show almost similar proportion of acceptan-
ces, that is, 89.8% and 86.3% when GMR � 1, but they
appear to be less permissive (16.1% and 12.6% when GMR
� 1.25) than BELsc1, BELsc2, BELsc2C, and BELsc1M.

We further evaluated all procedures using simulated data
assuming N � 12, 24, and 36 and CV � 10%, 20%, 30%, and

40%. The results presented in Fig. 3 refer only to six of the ten
methods listed in Table I, namely, the classic unscaled BEL,
the most typical scaled method BELsc2 (10), the two recently
proposed scaled procedures BELsc1M (11) and BELsc2C (9),
and the two new methods BELscG1 and BELscG2 developed
in this study. Figure 3 shows the percentage of BE studies
accepted at increasing true ratios of the geometric means
(GMR), assuming two-period simulated crossover studies
with 24 subjects.

As can be seen in Fig. 3, at low variation (CV � 10%)
the unscaled BEL, and the methods BELsc1M, BELscG1 and
BELscG2 show similar performance, with 100% acceptance
when GMR � 1. Nevertheless, the new approach BELscG2
exhibits a slightly steeper power curve. The scaled procedures
BELsc2 and BELsc2C yield substantially lower acceptance
and appear very strict, since they show 0.1% acceptance at
GMR � 1.15. These results are in full agreement with the
extreme GMR vs. CV plots of Fig. 2. The GMRmax values at
CV � 10% for BEL, BELsc1M, BELscG1, and BELscG2
methods vary from 1.15 to 1.20, while the GMRmax allowed
for BELsc2 and BELsc2C is only 1.05. When an intermediate
level of variation is assumed (CV � 20% and GMR � 1),
BELscG1 and BELscG2 exhibit 99.7% and 99.0% of accep-
tance, respectively, while BELsc1M and unscaled BEL show
slightly lower percentages, that is, 98.2% and 96.8%, respec-
tively. Lower statistical power (0.906) is observed for BELsc2
and BELsc2C. When GMR � 1.25, BELscG1 is found to be
the most permissive among the methods, showing 12.9% of
acceptance. This can be also explained by the GMR vs. CV
plots of Fig. 2 because at CV � 20% the highest GMRmax

value (1.17) is observed for the method BELscG1. BELscG2
exhibits a more strict behavior at GMR � 1.25 compared to

Fig. 3. Acceptance (%) of bioequivalence studies by six procedures at various ratios of the geometric
means (GMR). Under each condition, a number of 20,000 two-period crossover studies with 24 subjects
were simulated at four levels of variation (CV values equal to 10%, 20%, 30%, and 40%).
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BELscG1 and BELsc1M, since it shows a fairly low accep-
tance of 5.6%.

As variation increases (e.g., CV � 30% and 40%) all
scaled procedures yield much higher acceptance than the clas-
sic unscaled BEL, Fig. 3. At CV � 30% and GMR � 1, the
proportion of accepted BE studies ranges from 86.3% to
95.8% for the scaled procedures considered in this study,
while only 63.7% of the studies are accepted by the unscaled
BEL. At CV � 40% and GMR � 1, the statistical power of
BELsc2C, BELsc2 and BELsc1M continues to be high (rang-
ing from 0.904 to 0.957) and fairly high for the new ap-
proaches BELscG1 and BELscG2 (0.737 and 0.719, respec-
tively). The well-known inability of the classic unscaled BEL
to demonstrate bioequivalence when really exists, is reflected
by the very low proportion of BE studies accepted (24.7%).
Although scaled procedures at high variations show higher
statistical power, compared to the unscaled BEL, unfortu-
nately, they also appear to be more permissive as the ratio of
geometric means increases. This is an unfavorable perfor-
mance of the previously published scaled methods. When
GMR � 1.25, at CV � 30%, BELsc2 and BELsc2C show
19.1% of acceptance, while BELsc1M shows 31.6% of accep-
tance. The new methods BELscG1 and BELscG2 show a
relatively low percentage of acceptance (16.1 and 12.6%, re-
spectively). At CV � 40%, the scaled methods become ex-
tremely permissive, with 38.9%, 39.6%, and 54.5% of accep-
tance for BELsc2C, BELsc2, and BELsc1M, respectively, Fig.
3. The additional constraint on GMR used for BELsc2C ap-
pears to have only a minor effect on the acceptance of bio-
equivalence, under these simulated conditions. At this high
level of variation, the methods BELscG1 and BELscG2 show
rather “reasonable” acceptances of 18.8% and 17.6%, respec-
tively, when the true GMR � 1.25. The aforementioned re-
sults of the power curves are also supported by the GMR vs.
CV plots of Fig. 2. When 24 subjects are assumed to partici-
pate in the BE study, GMRmax values at CV � 30% for
BELscG1 and BELscG2 procedures are 1.15 and 1.13, respec-
tively. The GMRmax values for BELsc2 and BELsc1M are
higher, that is, 1.16 and 1.20, respectively. At higher level of
variation, CV � 40%, the GMRmax value for both BELscG1
and BELscG2 is only 1.13 while for BELsc2 and BELsc1M
the GMRmax values are 1.21 and 1.27 respectively, explaining
the very permissive performance of these methods.

Overall, the two new approaches BELscG1 and BELscG2
exhibit a good performance when GMR � 1, showing a rea-
sonably high statistical power for CV values 30% and 40%,
Fig. 3. On the other hand, both BELscG1 and BELscG2 show
the lowest percentages of acceptance among the scaled meth-
ods when GMR � 1.25, that is, 16.1%, 12.7% for CV � 30%
and 18.8%, 17.6% for CV � 40%, respectively. Undoubtedly,
the performance of the new methods BELscG1 and BELscG2
is by far better than the previously published scaled methods
at high GMR values.

The method of scaling BE limits was mainly proposed for
the assessment of bioequivalence of HV drugs, usually evalu-
ated with a large number of subjects. Nevertheless, a very
interesting approach has been mentioned earlier about the
potential utility of scaling for the evaluation of toxic drugs (7).
Notably, it has been mentioned that scaling could be advan-
tageous in the case of toxic drugs with low variability and
narrow therapeutic ranges. Therefore, the results obtained,
considering 2-period studies with a small number of subjects,

for drugs with low variability, are of relevant importance. At
low level of variation (CV � 10%, data not shown), when 12
subjects are assumed to participate in the simulated crossover
BE studies, a very high producer risk is observed for the
scaled methods BELsc1, BELsc2, BELsc2C, and BELsc3.
This constitutes an unfavorable performance of the afore-
mentioned scaled methods, and consequently, they are rather
inappropriate for the evaluation of toxic drugs with low vari-
ability and narrow therapeutic range. On the other hand, the
new approach BELscG2 exhibits similar performance, with
unscaled BEL and BELscG1 (with 100% of acceptance at
GMR � 1), but BELscG2 also shows slightly steeper power
curves, resulting in a more “strict” criterion as the difference
between the means becomes higher. Therefore, BELscG2
could be somewhat preferable for the evaluation of toxic
drugs.

Figure 4 shows the percentage of BE studies accepted by
the same methods used for the simulations of Fig. 3 assuming
a small (N � 12) and a large (N � 36) number of subjects.
Thus, the results reported in Fig. 4 refer to two-period simu-
lated crossover trials with 12 and 36 subjects at two levels of
CV (20%, 30% for N � 12 and 30%, 40% for N � 36).

The top left graph of Fig. 4, illustrates the results ob-
tained from the simulation of a rather rare case, where only 12
subjects participate in BE studies of a drug presenting mod-
erate level of variation (CV � 20%). As can be seen from
Fig. 4, when GMR � 1 there are clear differences of the
percentage of acceptance among the various investigated
methods. The methods BELsc2 and BELsc2C show similar
results with those obtained at low level of variability, CV �
10%, presenting the lower proportion of BE studies accepted
(46.4%). The classic unscaled BEL shows much higher pro-
portion of accepted BE studies (64.7%) and the mixed model
BELsc1M, exhibits a better performance with 75.8% of ac-
ceptance. The new method BELscG2 shows even higher per-
centage of acceptance (80.4%), reaching an adequate level of
statistical power, while the new approach BELscG1 presents
the best performance with 87.2% of acceptance. The results
obtained from an extreme hypothetical case of a HV drug
evaluated in BE studies with 12 subjects are presented at the
bottom left graph of Fig. 4. At this high level of variation (CV
� 30%), lower proportions of accepted studies are generally
observed. Under the condition of true bioequivalence, as ex-
pected, the classic unscaled BEL, has very low (16.2%) per-
centage of acceptance, while the scaled methods, designed to
be more liberal as variability increases, show higher propor-
tions of accepted studies, namely, 46.4, and 63.7% for
BELsc2, and BELsc1M, respectively. The two new ap-
proaches BELscG1 and BELscG2 exhibit a good perfor-
mance. Even under this extreme scenario, the statistical
power when GMR � 1, reaches a fairly high level of 57.9 and
53.0% of accepted BE studies, respectively. When GMR �
1.25, the proportions of accepted BE studies by the scaled
methods range from 10.2% to 17.0%. The percentages of
acceptance for the new methods BELscG1 and BELscG2 are
14.8% and 12.7%, respectively.

The two graphs on the right-hand side of Fig. 4 illustrate
the results obtained for HV drugs in crossover studies with 36
subjects. Under these conditions, all scaled methods show
very high proportions of accepted studies when there is no
true difference between the two means. At CV � 30% the
percentages of acceptance are 98.1% to 99.6%, while they are
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slightly lower as variability rises, that is, 93.7% to 99.6% at
CV � 40%. In contrast, the unscaled BEL exhibits a poor
performance, even with this large number of subjects, pre-
senting a statistical power of 0.870 and 0.557 for CV 30% and
40%, respectively. It is also worthy to mention that the analy-
sis performed by calculating the “sensitivity,” � (21), of the
methods BELscG1, BELscG2, and the classic BEL for N �
12, 24, 36, and CV � 20%, 30%, 40% revealed (data not
shown) that the two new methods require a smaller N to
prove BE at high ANOVA-CV % and exhibit comparable or
even higher “sensitivity” than the unscaled BEL. These re-
sults are in full agreement with the power curves presented in
Figs. 3 and 4. Moreover, when evaluating scaled methods,
especially at high variability level, it is also very important to
examine the proportion of accepted BE studies when the true
GMR is high. As can be seen from Fig. 4, the methods
BELsc2C, BELsc2, and BELsc1M show rather gently declin-
ing power curves, resulting in substantial proportions of ac-
cepted BE studies, even when true difference between the
means exceeds 25%. For example, when GMR � 1.25 and
CV � 40%, the percentage of acceptance is 46.7% and 53.0%
for BELsc2C, and BELsc2, respectively. The percentage of
acceptance for BELsc1M is even larger, and reaches the ex-
tremely high proportion of 69.9%. In contrast, the new ap-
proaches BELscG1 and BELscG2 present steeper power
curves and consequently result in less permissive conclusions.
When the true difference between the means is 25%, the
lowest acceptances are observed for BELscG1 and BELscG2:
16.5% and 11.6% at CV 30%, as well as 19.4% and 17.6% at
CV 40%, respectively.

The need for a large number of subjects is a common
problem in BE studies of HV drugs. Scaled methods, over-

come this difficulty in part by reducing the total number of
subjects required while reaching a high statistical power un-
der the condition of true bioequivalence. On the other hand,
the increase in the number of subjects results in a substantial
increase of the statistical power of the classic unscaled BEL,
while the consumer risk is practically invariant (i.e. 5%).
However, for the scaled methods proposed in the literature,
the benefit of the lower producer risk is counterbalanced by
the substantial increase of the proportions of acceptance,
when there is a 25% difference between the means. These
observations can be confirmed if one compares the power
curves for 24 and 36 subjects in Figs. 3 and 4. For example,
under the condition of true BE at CV � 40%, there is indeed
a small increase in statistical power (from 95.7% to 99.6%)
for the method BELsc1M, when a larger number of subjects
is assumed to participate in the study (36 instead of 24). How-
ever, BELsc1M results also in more permissive conclusions
(from 54.5% to 69.9%) when a 25% difference between the
means is assumed. On the contrary, the increase in the num-
ber of subjects results in the increment of statistical power of
the new scaled methods BELscG1 and BELscG2 when GMR
� 1, while only a negligible increase of the permissiveness is
observed when there is a 25% difference between the means.
For example, when GMR � 1, BELscG2 exhibits an increase
in statistical power from 71.9% to 87.2% assuming 24 and 36
subjects, respectively, while the proportion of acceptance re-
mains practically invariant (17.6%) and the lowest observed
for the scaled methods considered in this study when GMR �
1.25. Overall, the new proposed scaled methods BELscG1
and BELscG2, offer the possibility of increasing the statistical
power, when GMR � 1, by increasing the number of subjects,
while keeping the proportions of acceptance, when GMR �

Fig. 4. Acceptance (%) of bioequivalence studies by six procedures at various ratios of the geometric
means (GMR). Under each condition, a number of 20,000 two-period crossover studies with 12 or 36
subjects were simulated at two levels of CV (20%, 30% when N � 12, and 30%, 40% when N � 36).
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1.25, practically invariant and at the lowest level observed for
the scaled methods considered in this study.

CONCLUSIONS

Compared to the two recently proposed scaled proce-
dures, that is, BELsc1M and BELsc2C, the new methods
BELscG1 and BELscG2 exhibit better performance. These
new approaches appear to be highly effective at all levels of
variation investigated. When variability is low, BELscG1 and
BELscG2 do not present the drawbacks of the typical scaled
methods that tend to be strict, showing increased producer
risk, but they exhibit the highest statistical power among the
scaled methods investigated. On the other hand, the new ap-
proach BELscG2 exhibits similar performance, with unscaled
BEL (with 100% of acceptance at GMR � 1), but also shows
slightly steeper power curves, resulting in a more “strict” cri-
terion as the difference between the means becomes higher.
Therefore, BELscG2 could be somewhat preferable than
BEL for the evaluation of toxic drugs. At high levels of varia-
tion, BELscG1 and BELscG2 overcome the well-known
problems of the unscaled BEL, as they require a smaller num-
ber of subjects to prove BE, but also the shortcomings of
other scaled methods that tend to be too permissive even
when GMR exceeds 1.25. Therefore, especially when variabil-
ity is high, the new approaches BELscG1 and BELscG2 ex-
hibit a very favorable performance, presenting high statistical
power under the condition of true bioequivalence as well as
the lowest percentage of acceptance among all the scaled
methods examined when the true difference between the
means exceeds 25%.
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