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Evaluating average bioequivalence using methods for high variability drugs

Abstract. The purpose of this study was
to determine if different methods for average
bioequivalence in high variability drugs coin-
cide or not in their conclusions when applied
to the same dataset, and to discuss the method
validity and reliability of the conclusions.
Different approaches for the evaluation of av-
erage bioequivalence were applied to the re-
sults of a bioavailability trial on the diuretic
drug Furosemide. These methods included
widening the bioequivalence limits according
to regulatory recommendations, scaling the
limits and scaling the bioequivalence statis-
tic, jointly with evaluating alternative bio-
availability measures. The methods to estab-
lish the bioequivalence limits were also com-
bined with some alternative methods to con-
struct confidence intervals. The decision on
bioequivalence depends much more on the
bioavailability measures than on the statisti-
cal approach. The reliability of the final deci-
sion lies mainly in the interpretation of these
measures and on the special characteristics of
each drug.

Introduction

One of the main pharmacokinetic proper-

ties of a pharmaceutical form is the capacity

to release its active principle into the organ-

ism, in order to be absorbed in the best condi-

tions and to arrive at the site of action, where

it performs its expected therapeutic effect.

This process is influenced by many factors,

but two of them deserve special attention: the

intrinsic variability of the active principle and

the process of development and the technol-

ogy involved in the form elaboration. These

sources of variation may be translated in dif-

ferent characteristics of the liberation

process; it may become slow or fast, complete

or incomplete, etc. The above characteristics

are closely related to the bioavailability (BA)

and bioequivalence (BE) concepts, which

thus have a special connotation in the

evaluation of medicines or products.

The definition of bioavailability in FDA

[2003] is: “the rate and extent to which the ac-

tive ingredient or active moiety is absorbed

from a drug product and becomes available at

the site of action. For drug products that are

not intended to be absorbed into the blood-

stream, bioavailability may be assessed by

measurements intended to reflect the rate and

extent to which the active ingredient or active

moiety becomes available at the site of ac-

tion”. The definition in CPMP [2001] is al-

most the same. This guidance adds to the defi-

nition “... is understood to be the extent and

the rate at which a substance or its active moi-

ety is delivered from a pharmaceutical form

and become available in the general circula-

tion”.

For bioequivalence CPMP [2001] states:

“Two medicinal products are bioequivalent if

they are pharmaceutically equivalent or phar-

maceutical alternatives and if their bioavail-

abilities after administration in the same mo-

lar dose are similar to such degree that their

effects, with respect to both efficacy and safety,

will be essentially the same”. The 2003 FDA

guidance defines it as: “the absence of a sig-

nificant difference in the rate and extent to
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which the active ingredient or active moiety

in pharmaceutical equivalents or pharmaceu-

tical alternatives becomes available at the site

of drug action when administered at the same

molar dose under similar conditions in an ap-

propriately designed study”.

The above definitions focus on the pro-

cesses by which the active ingredients or moi-

eties are released from an oral dosage form

and move to the site of action. To translate

them to more operative quantitative criteria,

the current FDA and EMEA regulatory stan-

dard proposes that a test formulation be

considered as presenting “average bioequiva-

lence” (ABE) with respect to a reference stan-

dard (reference formulation), and for a given

BA pharmacokinetic measure, when their

geometric means ratio (GMR) lies within cer-

tain pre-specified limits, currently set at

0.80/1.25 or 80/125% [CPMP 2001, FDA

2001]. The most common BA measures are

the area under the curve, AUC, and the maxi-

mum reached concentration, Cmax. More

technical details on these measures are given

below.

Obviously, the decision of declaring ABE

or not must be taken on the basis of sample

GMRs, computed on experimental sample

data, subject to random variation. In order to

find a balance between consumer or patient

risk (falsely establishing ABE) and producer

risk (failing to establish ABE for a truly BE

product), an hypothesis test is typically for-

mulated, with a null hypothesis of non-equiv-

alence (say, the “true” GMR is outside the

regulatory limits) and an alternative hypothe-

sis of equivalence (“true” GMR within the

regulatory limits). The usual decision crite-

rion is based on the “interval inclusion” prin-

ciple: reject non-equivalence (and so declare

ABE) if an appropriate confidence interval

(CI) for the GMR lies within the regulatory

limits. This provides some control over

consumer risk, as is discussed in more detail

in the last section.

A particular problem is presented by

highly variable (HV) drugs, characterized by

their large intrasubject variation [Tothfalusi

et al. 2001]. Drugs whose BA parameters

show an intrasubject variability greater than a

30% analysis of variance - coefficient of vari-

ation (ANOVA-CV or simply CV) are gener-

ally referred to as HV drugs [Blume 1993,

Midha et al. 1997, 2007, Shah et al. 1996].

Sometimes the inclusion criterion in the HV

class is relaxed, as in [Boddy et al. 1995]

where HV drugs are defined as those exhibit-

ing intrasubject pharmacokinetic data vari-

ability exceeding a 25 – 30 CV%. Highly

variable drug products are those exhibiting a

high within-variability, possibly due to a poor

pharmaceutical formulation. Their constitu-

ent drugs are not necessarily highly variable,

[Midha et al. 2007].

The coefficient of variation is a very im-

portant property in defining the drug type,

since it reflects the following pooled compo-

nents [Midha et al. 1997] and may greatly in-

fluence the result of the ABE study: true

intrasubject variability in pharmacokinetic

processes, plus a component of analytical

variability; within-formulation variation (e.g.,

tablet-to-tablet variation); a possible sub-

ject-by-formulation interaction term; and un-

explained random variation.

The main problem with HV drugs lies in

the low power of the standard ABE proce-

dures [Midha et al. 1997, Boddy et al. 1995]

when they are applied to these kind of data.

That is, there is a low probability of BE ap-

proval even under true BE conditions, in the

classic 2 × 2 cross-over design (2 periods and

2 sequences) using a moderate sample size. A

large number of subjects would be required in

order to achieve a suitable statistical power

and to establish the condition of BE. This

problem remains present in drugs with inter-

mediate coefficients of variation, including

values between 25 and 30% [Boddy et al.

1995, Shah et al. 1996], so perhaps it would

be worth including these drugs in the HV

category.

To cope with the problem of ABE assess-

ment in HV drugs, some possible approaches

have been proposed and discussed:

1. To reduce the confidence level of the in-

tervals, i.e. to increase the Type I error

rate or consumer risk [Boddy et al. 1995,

Midha et al. 2005]. This approach is gen-

erally discarded as inadequate.

2. To conduct the BE study at steady state

[Midha et al. 2005, WHO 2005].

3. To employ metabolite data. This may be

adequate provided that metabolites are

often less variable than the parent drug, or

under special conditions, e.g. when direct

drug level determination is difficult

[CPMP 2001, FDA 2003, Guerra et al.



2001, Midha et al. 2004, 2005, 2007,

WHO 2005].

4. To use more sophisticated experimental

designs, other than the 2 × 2 crossover de-

sign, the most commonly used in bio-

equivalence studies [Patterson et al. 2001,

Shah et al. 1996, WHO 2005].

5. To widen the ABE acceptance limits, thus

redefining BE and, at the same time, try-

ing to maintain the consumer risk at its

nominal level, say 5%. Widening the ac-

ceptance limits may be achieved by

broadening them to new fixed values, say

75/133% [Boddy et al. 1995, CPMP 2001,

Shah et al. 1996], or by means of some

sort of gradual scaling, in function of the

variability and eventually other measures

[Karalis et al. 2004, 2005, Kytariolos et

al. 2006, Midha et al. 2005, 2007,

Tothfalusi and Endrenyi 2003, Tothfalusi

et al. 2001, 2003].

6. To define a new pharmacokinetic mea-

sure for the rate of absorption [Endrenyi

1993, 1997, Lacey et al. 1994, Shah et al.

1996].

Approaches 2 – 4 above imply changes in

the way that the experiment is designed and

conducted, and thus are not feasible in the

present paper which consists in an analysis

case-study using pre-existing data. Here, we

illustrate the use of some possible approaches

that lie in the last two categories, 5 and 6.

A drug may be HV for a given pharma-

cokinetic measure (usually Cmax) and not for

the others. This relates to the whole question

of the adequacy of the BA metrics in ABE

studies. Several types of area under the curve

(AUC) may be good indicators of the extent

of the absorption [FDA 2003, Shah et al.

1996]: AUC0-t (area under the curve from

zero to t, where t is the last time point with a

measurable concentration for each formula-

tion) and AUC0-� (area under the curve from

zero to infinite, with AUC0-� = AUC0-t +

Ct/�z, where Ct is the last measurable drug

concentration and �z is the terminal or elimi-

nation rate constant). The main problem lies

in the measurement of the rate of absorption

as the traditional indicators, tmax (time to

reach maximum plasma concentration) and

Cmax, are not fully reliable metrics. tmax is

highly dependent on the sampling frequency

and Cmax is a measure of both extent and rate

[Bois et al. 1994a,b]. Despite being a con-

founded measure, Cmax is often a critical

metric for assessing the potential adverse ef-

fects of certain drugs. Therefore, Cmax re-

mains a very important clinical metric and,

what is more, there is evidence that Cmax and

tmax provide useful information about the ab-

sorption rate [Tothfalusi et al. 2001]. Pro-

vided the interest of Cmax but its possible

drawbacks, including its associated high

variabilities, a new metric, Cmax/AUC0-�, for

measuring the absorption rate has been pro-

posed [Endrenyi 1993, 1997, Lacey et al.

1994] as an adequate replacement for Cmax. It

may enhance specificity as is less sensitive to

deviations and variations in the extent of ab-

sorption. However, in [Tozer 1997, Tozer et al.

1996] prevent against the automatic use of this

measure.

In this paper, using data coming from an

experiment performed in 2003 [unpublished

results; available upon request to the first

author], we evaluate ABE using some of the

methods and criteria discussed above, i.e.

those based on widening or scaling the ABE

limits and the possible use of an additional

BA measure. In addition, we also test a num-

ber of interesting, though in practice not

widely used, confidence intervals as possible

inferential alternatives to the usual “shortest”

CI.

Subjects, materials and

methods

For the sake of completeness and clarity,

we shortly describe the experimental data we

have taken to conduct our case-study on di-

verse ABE methods. But it should be clear

that this paper is not devoted to present these

experimental results in depth, nor to discuss

the correctness of the experimental process,

nor to finally establish or not BE.

Subjects

16 volunteers (8 male and 8 female) were

enrolled in the initial average bioequivalence

study performed in 2003. On the basis of their

medical histories, physical examinations and

laboratory tests, all the subjects were found to

be in good health prior to the study. The mean



± standard deviation age of the subjects was

24 ± 4 years with a range of 21 – 36 years, the

mean body weight was 62 ± 6 kg with a range

of 54 – 73 kg, and the mean height was 165 ±

7 cm with a range of 155 – 178 cm.

The protocol of study was reviewed and

approved by the Ethics Committeeof the Uni-

versity of Concepción (Chile), and all sub-

jects read and signed a written informed con-

sent. The initial study was performed in the

Teaching Pavilion of the University of

Concepción, in the Hospital Las Higueras of

Talcahuano (Chile) and in the Department of

Pharmacy at the University of Concepción.

Furosemide data

The drug under evaluation was Furosemide

(4-chloro-N-furfuryl-5-sulphamoylanthranilic

acid). It is a potent diuretic agent widely used

in the treatment of edematous states associ-

ated with cardiac and chronic renal failure,

hypertension, congestive heart failure and

cirrhosis of the liver [McEvoy 1998]. The

bioavailability of Furosemide from oral dos-

age forms is highly variable. Drug informa-

tion sources generally report a bioavailability

of 60 – 70% showing an incomplete but fairly

rapid absorption.

The rate and extent of Furosemide absorp-

tion are complicated by high degrees of inter-

and intrasubject variability [Ponto 1990] and

both are reduced by food. Furosemide is ex-

tensively bound to plasma proteins, mainly to

albumin, plasma concentrations ranging from

1 to 400 µg/ml are 91 – 99% bound in healthy

individuals while the unbound fraction aver-

ages 2.3 – 4.1% at therapeutic concentrations

[Gilman 1990, Najib et al. 2003]. Furosemide

elimination takes place mainly via tubular se-

cretion, the main part of the dose absorbed is

found unchanged in the urine and a smaller

fraction is excreted as the glucuronide

[Hammarlund-Udenaes 1989, Vergin et al.

1998].

Furosemide was well tolerated by all the

volunteers and no side effects were reported.

All the subjects were, therefore, able to com-

plete the trial and were discharged in good

health.

Since its establishment in 1995, the Bio-

pharmaceutical Classification System (BCS)

[Amidon et al. 1995, Kanfer 2002, Reynolds

1996] has become an increasingly important

tool for the worldwide regulation of drug

products. To classify a drug according to the

BCS, its solubility, dose and permeability

must be known. Data regarding the solubility

and permeability of Furosemide have allowed

it to be classified as a class IV drug (poorly

soluble, poorly permeable) in the BCS

[Lindenberg et al. 2004, Lobenberg 2000, Wu

2005]. For drug products containing class IV

substances, in vivo bioequivalence studies

need to be conducted to evaluate the thera-

peutic equivalence between formulations that

are equivalent pharmaceutics.

Study products, study design and

sample collection

The formulations employed in this trial

were: Furosemide 40 mg tablets, generic

(Batch No. 005084), as the test formulation,

and LASIX 40 mg, Aventis® (Batch No. D

543), as the reference formulation.

The study was conducted in a random-

ized, single-dose, cross-over 2 × 2 design

with a 1-week washout period between the

two doses. During each period, the volunteers

received a single test or reference tablet. Par-

ticipants had been requested not to take any

medication 7 days before the study or during

the trial.

Blood samples (4 ml) were collected into

EDTA-containing tubes before and 0.25,

0.50, 0.75, 1.00, 1.25, 1.50, 1.75, 2.00, 2.50,

3.00, 4.00, 5.00, 6.00 and 8.00 hours after the

administration of each formulation. Plasma

was separated by centrifugation and stored

frozen at –20 ± 4 °C until quantitative analysis.

Analysis of plasma samples

A high-performance liquid chromatogra-

phy (HPLC) method was developed and vali-

dated for Furosemide analysis in plasma sam-

ples using an extraction procedure based on

liquid-liquid extraction [Gomez et al. 2005].

Pharmacokinetics and statistical

analysis

The pharmacokinetics characteristics of

Furosemide were determined from the plas-



ma concentration-time data. The maximum

plasma concentration (Cmax) and the time to

reach maximum plasma concentration (tmax)

were obtained directly from the plasma con-

centration-time data. The area under the

curve plasma concentration time up to the last

time (t) was determined by applying the linear

trapezoidal rule. The apparent elimination

rate constant (Ke) was calculated by the

log-linear regression of the data points de-

scribing a terminal log-linear decaying phase.

The analysis of variance (ANOVA) for

2 × 2 crossover designs [Chow 2000, Senn

2002] was used to assess the effects of formu-

lation, periods, sequences and subjects within

sequence on the logarithmically transformed

AUC0-t, AUC0-�, Cmax and Cmax/AUC0-�

variables. As a complementary analysis, the

negligibility of the carry-over effect was

tested by means of Wellek’s scaled equiva-

lence test [Wellek 2003]. This last approach

tests a null hypothesis of non-negligibility vs.

an alternative of negligibility of the carry-

over effect and, thus, seems a more appropri-

ate way of ruling out the presence of disturb-

ing carry-over, as it provides direct “proof” of

its negligibility.

The pharmacokinetics characteristics

AUC0-t, AUC0-�, Cmax, t1/2, Ke, Cmax/AUC0-�

were determined based on a multiplicative

model, tmax was analyzed assuming an addi-

tive model. For the purpose of average

bioequivalence analysis AUC0-t, AUC0-�,

Cmax, were considered as primary variables

and Cmax/AUC0-� was also computed as a

measure of the rate of absorption.

The initial ABE study was performed us-

ing the standard methods: Schuirmann´s test

[Schuirmann 1987] and the equivalent proce-

dure of confidence interval inclusion using

the shortest 90% CI for AUC0-t, AUC0-�,

Cmax, and Cmax/ AUC0-�. The remaining pa-

rameters (Ke, tmax and t1/2,) were analyzed by

the Wilcoxon rank sum test [Hauschke et al.

2007].

To evaluate ABE using some methods

proposed in the literature for high variability

drugs, a second average bioequivalence study

was performed adopting the same confidence

interval inclusion approach but, in addition to

the 90% shortest confidence interval, three

additional confidence intervals were also

considered: Westlake’s symmetric 95% inter-

val [Westlake, 1976] and the two 95% inter-

vals discussed in Hsu et al. [Hsu 1994] and

designated as the symmetric interval IS and

the bioequivalence specific interval I
*
. These

95% intervals provide a bioequivalence test

of size 5%, while the shortest interval must

have a 90% confidence level to ensure the

same 5% size. IS and I
*

are rarely applied to

real data and have not been compared with the

shortest confidence interval. The above four

confidence intervals were combined with a

number of methods for widening bioequiva-

lence limits in HV drugs:

– Fixed enlarged limits according to the rec-

ommendations of the regulatory agencies

[CPMP 2001, FDA 2001].

– Mixed scaled methods: unscaled BE lim-

its up to a given CV threshold (e.g. CV0 =

22.6% on the original measurement scale

or, equivalently, �0 = 0.223 on the loga-

rithmic scale) and scaled limits above this

threshold, with a scaling factor k [Midha

et al. 2005, Tothfalusi and Endrenyi 2003,

Tothfalusi et al. 2001]. The decision as to

whether to scale or not is based on the esti-

mated value of a scaling variability, �̂SC.

In 2 × 2 studies, the most appropriate

choice for this variability is the residual

standard deviation estimate, �̂Res.

– Scaled limits by methods based on the

GMR, variability considerations and lev-

eling-off properties [Karalis et al. 2004,

2005, Kytariolos et al. 2006]. The above

criteria are made explicit by means of cer-

tain functions defining the ABE limits,

These functions depend on a set of prees-

tablished parameters (�, �, �). In our study

we selected the parameter values � = 1.25,

� = 1.33 and � = 4, the “best” options ac-

cording to the authors.

– Scaling the metric rather than the BE ac-

ceptance limits. Inference is based on two

possible approaches: noncentral t distri-

bution and linearization of the regulatory

criterion, described in [Midha et al. 2005,

Tothfalusi and Endrenyi 2003, Tothfalusi

et al. 2001].

All computations were performed on the

logarithmic scale and the results exponen-

tially transformed so that they might be dis-

cussed on the original scale.

All tests were performed at a 0.05 signifi-

cance level with the statistical software SAS

version 9.1 (SAS Institute Inc. Cary. NC,



USA: s.n., v. 9.1) and with R 2.4.0 (R: A lan-

guage and environment for statistical com-

puting. R Foundation for Statistical Comput-

ing, Vienna, Austria. ISBN 3-900051-07-0,

http://www.R-project.org).

Results

The main descriptive statistics of the

pharmacokinetic parameters are summarized

in Table 1. In general, with the exception of

t1/2, all the pharmacokinetic measures were

systematically greater in the reference than in

the test formulation.

Prior to bioequivalence evaluation, and as

a complementary analysis to the ABE study,

the means of the three main pharmacokinetic

measures (AUC0-�, AUC0-t and Cmax) were

compared by means of the ANOVA proce-

dure. Neither significant drug effects nor pe-

riod, nor carry-over effects were found. Addi-

tionally, the “negligibility” of the carry-over

effect was tested with the equivalence method

stated [Wellek 2003]. For the most problem-

atic variable (with respect to ABE testing),

Cmax, carry-over was established as negligi-

ble (p-value = 0.03844). The remaining

p-values were 0.1386, 0.03992 and 0.05657

for AUC0-�, AUC0-t and Cmax/AUC, respec-

tively.

For AUC0-t, AUC0-�, and Cmax, the

ANOVA-CVs were 17.68%, 14.11% and

36.67% respectively, which would seem to

confirm that Furosemide is a highly variable

drug for Cmax , (according to Midha et al.

[2005]). For the alternative measure Cmax/

AUC0-�, the corresponding CV was 25.63%,

which suggests the possible inclusion of

Furosemide also in the HV category if less

stringent criteria are in use. But in any case

the use of this alternative measure is associ-

ated with more than a 30% of variability re-

duction, with respect to Cmax. Table 2 shows

the classic inference results for average BE.

Using the common approaches (Table 2),

average bioequivalence is only concluded for

lnAUC00-� and rejected for the remaining pa-

rameters. However, the results for lnAUC0-t

and lnCmax/AUC0-� are very close to the

lower limit of bioequivalence. In order to find

out the extent to which the conclusion is sen-

sitive to methods specially designed for HV

drugs, some alternative approaches were ap-

plied to these data. The methods under con-

sideration involved all possible combinations

of approaches to bioequivalence limits redef-

inition with various confidence interval

types.

Table 3 shows the results for Cmax. None

of the BE limit-widening methods allows us

to confirm ABE, with the exception of the

Table 1. Statistical summary of Furosemide pharmacokinetic parameters (test and reference, n = 16).

Parameter Formulation Mean Median
Geometric

mean

Standard

deviation

AUC0-t [�g × h/ml]
Test 2.94 2.86 2.87 0.67

Reference 3.30 3.20 3.23 0.79

AUC0-� [�g × h/ml]
Test 3.40 3.28 3.36 0.58

Reference 3.69 3.52 3.63 0.75

Cmax [�g/ml]
Test 1.31 1.14 1.19 0.63

Reference 1.47 1.31 1.41 0.49

tmax [h]
Test 1.05 1.00 0.97 0.43

Reference 1.28 1.50 1.16 0.54

t1/2 [h]
Test 3.49 2.91 3.17 1.83

Reference 2.95 2.79 2.80 1.04

Ke [h–1]
Test 0.24 0.24 0.22 0.08

Reference 0.26 0.25 0.25 0.08

Cmax/AUC0-� [h
–1]

Test 0.37 0.36 0.36 0.11

Reference 0.39 0.35 0.39 0.08



scaled limits with the “switching” variability

threshold �0 = 0.20. This threshold value was

suggested by the FDA [2001]. The presence

of this additional �0 parameter has received

some criticism [Midha et al. 2005], as it intro-

duces some extra arbitrariness. Additionally,

all methods would give the same result (that

is, not to declare ABE) under the additional

restriction imposing that the sample GMR

should lie between the usual 80/125 ABE ac-

ceptance limits.

It can be seen that, for Cmax, the ABE deci-

sion does not depend on the confidence inter-

val type. In fact, all the confidence intervals

share a very similar lower limit and the non

acceptance of the ABE is conditioned primar-

Table 2. Summary of classic methods for ABE, 5% two one-sided tests (TOST) and 90% shortest confidence intervals (SCI). All values

are displayed in the original scale.

Parameter
Geometric means GMRs (T

to R)

Residual

Variance

TOST p-value
SCI [T/R] ABE

Reference Test Upper tail Lower tail

lnAUC0-t 3.2278 2.8688 88.88 0.0308 < 1 × 10-5 0.0559 [79.7, 99.1] No

lnAUC0-� 3.6306 3.3609 92.58 0.0197 1.5 × 10-5 0.0054 [84.8, 101.1] Yes

lnCmax 1.4059 1.1982 85.22 0.1262 0.0043 0.3112 [68.3, 106.3] No

ln[Cmax/AUC0-�] 0.3872 0.3565 92.05 0.0636 0.0020 0.0689 [78.9, 107.5] No

Table 3. ABE evaluation for Cmax according to different BE limits and confidence interval types.

Bioequivalence limits

Confidence Interval

Shortest I

[68.3, 106.3]

Westlake’s IW
[68.3, 146.5]

Hsu et al. Symmetric Is
[68.3, 146.4]

Hsu et al. Specific I
*

[68.3, 106.3]

Arlington Workshop [Shah 1996]

[70.0, 143.0]
Not BE Not BE Not BE Not BE

EMEA [CPMP 2001]

[75.0, 133.0]
Not BE Not BE Not BE Not BE

Mixed Scaled limits based on residual variance [Midha et al. 2005, Tothfalusi et al. 2003]

�0 = 0.20 [67.3, 148.6] BE BE BE BE

�0 = 0.223 [70.1, 142.7] Not BE Not BE Not BE Not BE

�0 = 0.294 [76.4, 130.9] Not BE Not BE Not BE Not BE

Scaled limits based on GMR and variability [Karalis 2004]

BELscG1

[75.8, 131.9]
Not BE Not BE Not BE Not BE

BELscG2

[77.0, 129.8]
Not BE Not BE Not BE Not BE

Scaled limits based on GMR with leveling-off properties [Karalis 2005]

BELscM (Michaelis-Menten)

[79.8, 125.2]
Not BE Not BE Not BE Not BE

BELscE (Simple Exponential)

[78.8, 126.9]
Not BE Not BE Not BE Not BE

BELscW (Weibull)

[78.7, 127.1]
Not BE Not BE Not BE Not BE

Scaled limits with leveling-off properties [Kytariolos 2006]

BEefW (Weibull limit expansion function)

[75.8, 131.9]
Not BE Not BE Not BE Not BE

BE = bioequivalent; Not BE = no evidence of bioequivalence.



ily by this lower limit, which is close to, but

clearly lower than, the expanded lower accep-

tance limit proposed in [Shah et al. 1996] – and

farther from the lower acceptance limits asso-

ciated with the remaining methods.

Table 4 shows the results on the metric

Cmax/AUC0-�. With the exception of the scal-

ing method BELscM, based on a Michae-

lis-Menten function (whose application re-

sults in limits close to the standard 0.80/1.25)

and the mixed scaled limits with threshold �0

= 0.294 (with no scaling at all, as the observed

scaling variability does not reach this thresh-

old -in fact, if scaling were applied the limits

would be narrower than 0.80/1.25), the find-

ings for all the other approaches resulted in an

ABE statement, irrespective of the confidence

interval method.

As discussed earlier, what is labeled here

as a “mixed scaled” method is used in Tables

3 and 4 as a mere BE limits expansion device,

in conjunction with confidence intervals that

are only appropriate for the difference of

means under constant BE limits, and not lim-

its that depend on unknown parameters. A

more appropriate inferential approach may be

to construct confidence limits for the scaled

measure of BE [Tothfalusi and Endrenyi

2003]. Asimilar objection may be made of the

scaled BE limits introduced in [Karalis et al.

2004, 2005, Kytariolos et al. 2006], although

in these cases there is no clear inferential pro-

cedure. Table 5 shows the results when the

methods based on the noncentral t distribu-

tion and on linearization of the regulatory

criterion are applied.

Scaled ABE gives different results de-

pending on the approach used in calculating

the BE limits. In the case of Cmax all the proce-

dures conducted to a bioinequivalence con-

Table 4. ABE evaluation for Cmax/AUC0-� decision according to different BE limits and confidence interval types.

Bioequivalence limits

Confidence Interval

Shortest I

[78.7, 107.7]

Westlake’s IW
[78.6, 127.3]

Hsu et al. Symmetric Is
[78.7, 127.1]

Hsu et al. Specific I
*

[78.7, 107.7]

Arlington Workshop [Shah 1996]

[70.0, 143.0]
BE BE BE BE

EMEA [CPMP 2001]

[75.0, 133.0]
BE BE BE BE

Mixed Scaled limits based on residual variance [Midha et al. 2005, Tothfalusi et al. 2003]

�0 = 0.20 [75.5, 132.5] BE BE BE BE

�0 = 0.223 [77.7, 128.7] BE BE BE BE

�0 = 0.294 [80, 125]

(no scaling as �̂SC = 0.252 < �0)
Not BE Not BE Not BE Not BE

Scaled ABE based on GMR and variability [Karalis 2004]

BELscG

[73.8, 135.5]
BE BE BE BE

BELscG2

[75.1, 133.2]
BE BE BE BE

Scaled ABE based on GMR with leveling-off properties [Karalis 2005]

BELscM (Michaelis-Menten)

[79.8, 125.3]
Not BE Not BE Not BE Not BE

BELscE (Simple Exponential)

[77.9, 128.3]
BE BE BE BE

BELscW (Weibull)

[77.9, 128.3]
BE BE BE BE

Scaled ABE with leveling-off properties [Kytariolos 2006]

BEefW (Weibull limit expansion function)

[76.9 , 130.0]
BE BE BE BE

BE = bioequivalent; Not BE = no evidence of bioequivalence.



clusion (or more precisely, to not discard

bioinequivalence), whereas in the case of the

metric Cmax/AUC0-� the results were not al-

ways the same. When using the noncentral t

distribution and the threshold �0 = 0.20 as

proposed in [FDA 2001] and �0 = ln(1.25) =

0.223, in line with Boddy et al. 1995, the final

outcome was declaring ABE. For �0 = 0.294,

the final outcome was bioinequivalence. The

results using the “linearization of the regula-

tory criterion” were in quite close agreement

with the above findings, albeit this criterion

would appear to be more restrictive in

producing an ABE statement.

Discussion

As has been previously pointed out, the

main problem with testing ABE in HV drugs

is the very low power of the standard meth-

ods. The regulatory recommendations im-

pose sample sizes between 12 and 24, so that

the sample size of 16 subjects in the data we

have used to conduct this case study is within

the recommendations. However, a much

higher number of subjects would be neces-

sary to evaluate ABE with a suitable power

level. Specifically, for Cmax a number of 392

subjects would be required to have a 80%

power for an acceptance range of 0.80/1.25

[Hauschke et al. 2007, Patterson 2006],

which is much higher than the recommenda-

tion and completely unfeasible in practice.

Note that in the majority of times when ABE

is not declared, this decision lies mainly in the

lower bound of the confidence interval,

which is close but lower than the lower bound

of the bioequivalence limits. It is reasonable

to conjecture that a much greater sample size

might result in shorter confidence intervals

and perhaps lead to an ABE statement.

Provided the unfeasibility of the required

sample sizes, an alternative approach would

be to use statistical methods that would im-

prove the power for a given, fixed sample

size. With respect to ABE testing, the confi-

dence interval construction method does not

influence our results, so the best alternative

seems to be the simple, standard “shortest” in-

terval. In terms of formulation effect estima-

tion, perhaps a good alternative confidence

interval would be I
*
, which is similar in length

and more confident (e.g. 95% instead of 90%)

than the shortest interval. There are alterna-

tive more powerful tests for ABE, for exam-

ple those described in [Berger 1996, Chow

2000, Wellek 2003], but these methods have

other drawbacks and are far from the ap-

proach taken in the regulations, so they are

not considered here.

The final decision on ABE is slightly

more dependent on the method used to widen

or to scale the bioequivalence limits, but as

has been pointed in the Results section, with a

few marginal exceptions all methods lead to

Table 5. ABE decision according to inferential methods based on scaling the formulation effect measure

[Midha et al. 2005]

Noncentral t distribution Confidence interval limits

Bioequivalence limits according to �0
lnCmax

[–3.24,0.39]

lnCmax/AUC0-�
[–2.85, 0.73]

�0 = 0.20 [FDA 2001] [–3.16, 3.16] Not BE BE

�0 = 0.223 [Boddy et

al. 1995]
[–2.83, 2.83] Not BE Not BE

�0 = 0.294

[Tothfalusi et al. 2003]
[–2.15, 2.15] Not BE Not BE

Linearization of the regulatory criterion

Upper 95% confidence limit for (µT – µR)2 –

k�2
SC. Bioequivalence is established if CL is

not positive

�0 = 0.200, k = 1.116 CL = 0.0839, Not BE CL = 0.0162, Not BE

�0 = 0.223, k = 1.000 CL = 0.0856, Not BE CL = 0.0307, Not BE

�0 = 0.294, k = 0.759 CL = 0.0912, Not BE CL = 0.0326, Not BE

BE = bioequivalent; Not BE = no evidence of bioequivalence; CL = upper confidence limit.



similar results: results on Cmax/AUC point to

an average bioequivalence conclusion, while

for Cmax the results point to a contrary conclu-

sion. That is, for the Furosemide data under

consideration, the final outcome seems to de-

pend much more on the BAmetric than on the

method to determine the bioequivalence lim-

its. So in these data the final decision on

bioequivalence seems to be not clear. For ab-

sorption extent, the results on AUC strongly

suggest ABE while for absorption rate the fi-

nal statement will strongly depend on the

metric. If Cmax/AUC is considered as an ac-

ceptable measure of rate, as in [Endrenyi

1993], ABE seems clear. These authors sug-

gest the 75/133% limits as adequate for this

measure. On the other hand, if Cmax is consid-

ered, the lack of arguments favoring bio-

equivalence is also clear for this mixed (rate

and extent) measure.

Then, what is better, to base the decision

on Cmax or on Cmax/AUC? In our opinion both

measures are very uninformative in the spe-

cific case of Furosemide: The diuretic effect

of this drug is more closely associated to the

urinary excretion rate than to the plasma con-

centration [Hammarlund-Udenaes 1989,

Vergin et al. 1998]. The excretion rate associ-

ated with maximum efficiency is about

21.5 µg min–1, [Hammarlund-Udenaes 1985,

Wakelkamp et al. 1997] and according to

[Vergin et al. 1998], the plasma concentration

corresponding to a maximally efficient excre-

tion rate is approximately 200 ng/ml [Vergin

et al. 1998]. If the level of Furosemide ex-

ceeds this value, there is not an enhancement

of the diuretic effect as the urinary excretion

remains constant.

For the reference formulation, the ob-

served mean Cmax was (expressing it in the

same unit) 1,469 ng/ml with a range of 960 to

2,900 ng/ml and for test formulation the ob-

served mean Cmax value was 1308 ng/ml with

a range of 550 to 2,990 ng/ml. So, the plas-

matic concentrations largely exceeded the

200 ng/ml level, and thus Cmax and Cmax/AUC

seem to have very limited value (and to a

lesser extent, also AUC that should be com-

puted in a truncated manner) if therapeutic ef-

ficacy is under consideration, though they

have full value for drug safety evaluation.

In our opinion, the above results suggest

that all the statistical methods under consider-

ation should help in the decision, but should

not determine the decision itself. These re-

sults illustrate the complexity of making a

correct decision about ABE in the case of HV

drugs. Further research is needed in this field

to improve methodological approaches and to

have a better knowledge of their theoretical

properties and their true applicability to real

data.
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