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Abstract: The article provides an extensive analysis of the data obtained in bioequivalence studies, which
can be considered for further evaluation in the development of general and individual therapeutic regimens.
Concrete data obtained in two bioequivalence studies compared amiodarone formulations and included
plasma levels of amiodarone and the active metabolite desethylamiodarone. The analysis included mean data
and variability in plasma concentrations and pharmacokinetic parameters. In addition, a global and structural
meta-analysis of the individual plasma level sets was performed. The half-life of amiodarone was not well
de�ned and the total area below the plasma level curves was less appropriate for estimating bioequivalence.
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Introduction

Following oral administration to humans, amiodarone (AMD) is absorbed slowly and variably.
The bioavailability of AMD is approximately 50% [1]. After a single dose, peak plasma concentrations
are reached in 3 to 7 h. The relationships between plasma concentrations and the pharmacodynamic e�ect
are very complex. It can appear in 2 to 3 days, but more often lasts one to three weeks, and even longer
after dosing. AMD has a very large and variable volume of distribution, averaging about 60 L/kg due to its
extensive accumulation in various compartments, especially adipose tissue and highly perfused organs [2].
A major metabolite of AMD, desethylamiodarone (dAMD), has been identi�ed in humans. The main route
of elimination is by hepatic excretion into the bile and signi�cant enterohepatic circulation may occur.

TimisoaraMed. 2020, 2020(2), 10; doi:10.35995/tmj20200210 http://www.tmj.ro

https://doi.org/10.35995/tmj20200210
http://dx.doi.org/10.35995/tmj20200210
http://www.tmj.ro


TimisoaraMed. 2020, 2020(2), 10 2

In patients, AMD has been shown to have a biphasic elimination [3,4]. For dAMD, the mean half-life is
61 days. These data probably re�ect an initial elimination of the drug from well-perfused tissues (half-life
phase of 2.5 to 10 days) followed by a second phase with much slower elimination mainly from the fats.

The objectives of the studies were to compare the rate and degree of absorption, areas under the curves and
variabilities for AMD administered in bioequivalence (BE) studies performed in the laboratory of the authors
over the years.

Materials and Methods

Clinical Studies’ Design

The studies were single-dose, randomized, blinded, cross-over, two-treatment, two-period and two-sequence
studies, comparing equal doses (3 × 200 mg) of generic formulations with the reference drug CORDARONE
tablets (Sano�). A total of 24 healthy volunteers were included. Half of the volunteers �rst received the
reference product, and, after a three-week wash, the drug was tested. The other volunteers received the drugs
in reverse order. The volunteers were randomly distributed in the two sequences. They remained at the clinical
site for at least ten hours before and after administration of the drug. Standard meals were provided four and
ten hours after the drug was administered.

The study protocols were approved by the National Medicines Agency and the institutional ethics committee.
Subjects signed an informed consent before being included in the studies.

Sampling and Processing of Blood Samples

Venous blood samples were collected pre-dose (0 h) and at 1, 2, 3, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 9, 10, 12, 24,
48, 72, 96, 120 and 144 h after administration by direct venous puncture or by a catheter inserted into an
antecubital vein. Blood samples were immediately centrifuged and plasma samples were frozen at −30 ◦C.
The treatment of plasma involved the addition of an internal standard (feno�brate), followed by liquid/liquid
extraction of the analytes from plasma into methylene chloride.

Analytical Method

The analytical method was fully validated in terms of adequate sensitivity, speci�city, linearity, recovery,
accuracy and precision (both within and between the di�erent runs). AMD and dAMD concentrations
were analyzed.

Pharmacokinetic Analysis

Individual plasma concentrations were further used to calculate the pharmacokinetic parameters: maximum
concentration (Cmax), time of maximum concentration (Tmax), area under plasma levels in the T time interval
after administration (AUC0–T ), total area (AUC0–∞) and half-life (t1/2). To calculate the last two parameters,
it was necessary to estimate the slope of the linear regression approximating the logarithm of concentrations
in the terminal elimination, which in estimation, in the case of long half-life drugs and especially in the case of
amiodarone, is not a well-de�ned problem and many di�culties may arise, which are discussed further in
this paper. For the estimation of bioequivalence, the ratios of maximum concentrations, of AUC0–T and of
AUC0–∞ were calculated.
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Statistical Analysis

The mathematical model [5], accepted by researchers and the FDA [6], in the analysis of data in cross-over,
two-period and two-sequence experiments was

Yijk = µ + Sik + Pj + F(j,k) + C(j−1,k) + eijk (1)

where µ = the total mean; i = index for subject; j = index for period; k = index for sequence; F(j,k) = the
direct �xed e�ect of the formulation in the kth sequence which is administered at the jth period; C(j−1,k) =
the �xed �rst-order carry-over e�ect of the formulation in the kth sequence and (j − 1)th period; eijk = the
(within-subject) random error in observing Yijk. Sik is the random variable corresponding to subject i in
sequence k. In the case of amiodarone, due to enterohepatic circulation, it is di�cult to say if the maximum
concentrations could be considered as normally distributed. Interindividual variability was assessed using
coe�cients of variation for pharmacokinetic parameters.

Results

Usual assessment of bioequivalence is performed in terms of mean plasma levels and pharmacokinetic
parameters. As can be seen in Figure 1 (common representation in bioequivalence studies), mean plasma levels
and mean maximum concentrations of the compared formulations were very close to each other. It should be
noted that what is usually the maximum concentration, in the case of amiodarone, is a �uctuation, a “zone
of maximum concentrations”, which is, as a rule, the consequence of the characteristic metabolic reactions
of lipophilic drugs that lead to enterohepatic circulation, with a perturbation e�ect on the estimation of
bioequivalence and with clinical implications [7–12].

Figure 1. Concentrations of AMD and dAMD in the time interval 0–72 h.

However, beyond this �rst appearance, we must look for variability because it is very important for a particular
patient if they are in the upper or lower part of the plasma level group, as the therapeutic and toxic e�ects are
dependent on drug concentrations. Therefore, it is necessary to know well the main aspects of the variability
in determining the bene�t/risk ratio of the drug.

In the second stage, a characterization of the variability is added, using the standard deviations of the
populations of concentrations corresponding to the di�erent time points, as can be seen in Figure 2.
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Figure 2. Plasma concentrations of AMD and dAMD.

Global, Structural Evaluation of Plasma Level Curves

The variability between subjects, suggested by standard deviations, is huge for both the parent drug and the
metabolite. This is perhaps the most signi�cant aspect of the risk of side e�ects. What is not highlighted
by such a representation, otherwise common in works other than those related to bioequivalence, are some
very signi�cant phenomena that can in�uence the conclusions of statistical evaluations: the presence of
outliers and/or data partitioning in some di�erent clusters, di�erent absorption delays, etc. [11,13]. These
characteristics can be observed after examining the set of all individual curves, which, unfortunately, is a type
of representation missing in the works related to bioequivalence studies.

In BE studies, the following may appear as outliers: points, a set of points in the zone of maximum
concentrations, entire pharmacokinetic curves, pairs of curves corresponding to the same subject, subjects,
pharmacokinetic ratios, etc. [14]. The outliers in pharmacokinetic parameters that in�uence the decision in
BE are those for which their ratios corresponding to a given subject are outliers compared to the con�dence
intervals for those parameters. These pharmacokinetic outliers may have bioanalytical, physiological and
physicochemical causes.

Examination of Figure 3 shows immense variability in Cmax, Tmax and AUC in the case of the metabolite.
Examination of whole curves (from 0 to 120 h) suggests a possible partitioning of curves into two groups: one
with lower levels of concentration and a group of curves with high values. On the other hand, the highest
concentration curve seems to be an outlier curve.

Figure 3. Individual plasma levels of dAMD concentrations.



TimisoaraMed. 2020, 2020(2), 10 5

Statistical Evaluation of Variability of Pharmacokinetic Parameters

Variability of Pharmacokinetic Parameters

The main pharmacokinetic parameters of the reference and tested drugs as well as the 90% con�dence interval
are presented in Table 1.

Table 1. Pharmacokinetic parameters of the reference and tested drugs.

Pharmacokinetic
Parameters

Amiodarone
(Tested)

Cordarone
(Reference)

90% Con�dence
Interval

Cmax (ng/mL) 537.18 ± 25.81 585.75 ± 315.12 84–104
Tmax (hours) 6.56 ± 1.58 6.00 ± 1.887
T1/2 (hours) 31.47 ± 10.53 33.60 ± 11.63
AUC0–120 h (ng*mL−1*hour) 10,228 ± 4734.6 789 ± 4472.47 93–106
AUC0–∞ (ng*mL−1*hour) 11,351.0 ± 5488.65 11,341.9 ± 5261.23 92–108
CMAX/AUC 0.0479 ± 0.0151 0.0512 ± 0.0173 85–104

N-desethyl-Amiodarone
(Tested)

N-desethyl-Amiodarone
(Reference)

90% Con�dence
Interval

Cmax (ng/mL) 56.49 ± 62.52 52.26 ± 61.04 93–118
Tmax (hours) 6.08 ± 2.80 8.21 ± 8.78
T1/2 (hours) 69.42 ± 33.36 71.53 ± 26.56
AUC0–120 h (ng*mL−1*hour) 1586.49 ± 1984.63 1693.83 ± 2207.81 87–105
AUC0–∞ (ng*mL−1*hour) 2341.61 ± 2794.36 2655.63 ± 3410.883 87–108
CMAX/AUC 0.0273 ± 0.0261 0.0265 ± 0.0262 93–125

MaximumAMD concentrations. The variability between subjects, measured by the coe�cient of variation
(CV), was practically the same, 48% for the drug tested and 54% for the reference drug. A high amplitude of
variability was observed, in the range 136–1082 ng /mL for the tested drug and 168–1190 ng/mL for the reference
drug. It is not possible to determine the intrasubject variability in a BE study in the absence of replicate drug
administration, but since the products were bioequivalent and the ANOVA calculation revealed the absence
of statistically signi�cant sequence and period e�ects, it is possible to approximate it with the measured
period di�erence (which includes intravariability, formulation e�ects and period e�ects). The estimated
intravariability in this way is actually pooled between that of the reference drug and the drug being tested.

Maximummetabolite concentrations. Partitioning into two clusters was even more evident in the case of the
metabolite. There were distinct classes, but there was also a signi�cant gap between them:

- Concentrations lower than 50 ng/mL;
- Some (5 out of 24 curves) concentrations higher than 125 ng/mL.

Variability of AUC0–T . The variability was high in the case of AMD (CV = 46%) and very high in the case of
the metabolite (125%), with insigni�cant di�erences between the reference and tested formulations. The range
of values was huge: 4000–24,000 ng/mL*h for AMD and 200–8000 for dAMD.

AUC0–∞ variability. The variability was even higher than that of AUC0–T .
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Discussion

The variability of pharmacokinetics is an essential feature of the interaction between the drug and the living
body, the rate and extent of release into the gastrointestinal tract, absorption, distribution, metabolism
and excretion, ultimately determining the magnitude and rates of the therapeutic response and the balance
between the e�cacy and safety of an orally administered drug. In-depth evaluation of the PK/PD complex
correlations involves a huge amount of research to overcome a great amount of di�culties. Under these
conditions, the in-depth analysis of the results of bioequivalence studies, beyond comparing the bioavailability
of two formulations, is not only an opportunity but also a moral duty. Last but not least, clinical trials are
becoming more expensive and more and more complex, and regulatory restrictions are becoming more and
more burning. Basic clinical research traditionally conducted by universities has been drastically reduced.

In BE studies, plasma concentrations are usually monitored at 15 to 30 time points, over two or more periods,
usually on 24 subjects, representing a total of thousands of individual data. Factors that can be evaluated by
chemical, mathematical and statistical methods are the pharmacokinetic parameters as well as their range of
values and inter- and intrasubject variability.

In the case of the AMD lipophilic drug with a long half-life, there are particular di�culties in de�ning the
maximum concentrations, but also the half-life and the elimination period. For the calculation of the total
area, extrapolated from the area from zero to the last measuring point T, the formula shall apply:

AUC0−∞ = AUC0−T + AUCT−∞ = AUC0−T + C (T ) /ke = AUC0−T +
C (T )

ln 2
t1/2 (2)

so that the de�nition includes three relatively independent parameters, AUC0–T , C(T), and t1/2(ke).

In bioequivalence studies we are practically looking for the e�ects of the formulation and, in this context, we
are less concerned about the elimination period. However, in the calculation of the total area under curve, we
use t1/2, whose uncertainty and variability are a real problem in the case of long half-life drugs. As a result of
this variability, the con�dence intervals for the mean ratio of AUC0–∞ for the test and reference drugs are
longer than the con�dence intervals for the AUC0–T ratio.

An FDA recommendation published in 2010 states: “For drugs that demonstrate low intrasubject variability
in distribution and clearance, an AUC truncated at 72 h (AUC0–72h) can be used in place of AUC0–T or
AUC0–∞” [4]. However, the data collected and removed from the BE estimate remain very useful in research
on the development of general or individual schemes of AMD therapy. Many unexplained facts remain in this
regard, but a meta-analysis that includes a few more BE studies could lead to a partial understanding of the
mechanisms of changes presented above.

Conclusions

1. The pharmacokinetics of AMD is very complex and highly variable, involving challenges in developing
general therapeutic and individual treatment regimens.

2. Thousands of data obtained from bioequivalence studies can and should be evaluated in subsequent
pharmacodynamic and therapeutic studies.

3. In addition to the usual average results and standard deviations, it is useful to estimate value ranges,
outlier values and data clustering.
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