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The influence of random error and elimination rate on estimates of
the area under the curve from zero to time infinity (AUCO-INF) was
determined in a simulation study using noninfinity measured AUC
values (i.e., AUCTM, area to a measured common sampling time,
and AUCO-LAST, area to the last measured sampling time). Fur-
ther, the extent of absorption of generic danazol, baclofen, and ox-
azepam was determined using measured methods of estimating area
under the curve in bioequivalence studies. The noninfinity AUC
estimates and their 90% confidence intervals for the difference in
product means were compared for each individual drug. Products
chosen fulfilled one of the following three criteria: (1) a high ‘“‘ap-
parent intrasubject variability’” and a half-life greater than 8 hr (dan-
azol); (2) a low apparent intrasubject variability and a half-life less
than 4 hr (baclofen); and (3) products exhibiting a low apparent
intrasubject variability and a half-life greater than 8 hr (oxazepam).
For the simulated data, AUCTM performed best when subjects had
similar half-lives (i.e., low variability), which results in AUCTM =
AUCO-LAST. On the other hand, AUCO-LAST worked best with a
high fractional standard deviation (fsd) and a short elimination half-
life (i.e., less than 4 hr). The noninfinity 90% confidence intervals
for danazol and oxazepam were inconsistent with those observed at
AUCO-INF. However, baclofen, which has a short elimination half-
life, exhibited good agreement between the noninfinity and the
AUCO-INF 90% confidence intervals. However, across all three
drug groups, the comparison based upon the area calculated from
time zero to the last quantifiable concentration, AUCO-LAST, con-
sistently provided the best approximation of AUCO-INF.

KEY WORDS: area under the plasma concentration-time curve
(AUC); bioavailability; noninfinity AUC estimates; 90% confidence
intervals; danazol; baclofen; oxazepam.

INTRODUCTION

Interproduct bioequivalence comparisons involving the
extent of drug absorption are commonly based upon the area
under the plasma concentration-time curve (AUC) extrapo-
lated to time infinity (AUCO-INF) (1). However, because of
inadequate assay sensitivity and fluctuating drug concentra-
tions, AUCO-INF is difficult to determine and noninfinity
AUC estimates are frequently employed (e.g., Refs. 2-9).

Noninfinity AUC estimates have been defined in a va-
riety of ways. For example, AUC may be determined from
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time zero to the last quantifiable plasma drug concentration
(AUCO-LAST). In this case, the number of plasma concen-
trations included in the estimate can vary both within and
between study subjects (2). Alternatively, AUC may be lim-
ited to some common time when all subjects exhibit demon-
strable plasma drug concentrations (3,4). This method can
result in substantial truncation of the available blood-level
data.

The appropriateness of using various noninfinity AUC
estimates as an index of the extent of drug absorption has
been well described (10,11). However, although the error
associated with estimates of noninfinity AUCs is critical to
the interpretation of bioequivalence data, the variability as-
sociated with these parameters has not been rigorously ad-
dressed. Therefore, we examined the effect of varying the
““definition’’ of the noninfinity AUC estimates both on the
resulting interproduct bioavailability comparisons and on the
statistical confidence associated with these comparisons.
These noninfinity estimates are further evaluated for their
consistency with the 90% confidence intervals (two one-
sided ¢ tests) for the interproduct difference observed when
the data are extrapolated to time infinity.

To ensure that our conclusions are not biased by the
bioavailability characteristics of a specific drug, these rela-
tionships are explored under the following conditions.

Simulated Data

(1) High fsd
(a) Terminal drug elimination half-life less than 4 hr
(b) Terminal drug elimination half-life exceeding 8 hr
(2) Low fsd
(a) Terminal drug elimination half-life less than 4 hr
(b) Terminal drug elimination half-life exceeding 8 hr

Experimental Data

(1) Products exhibiting low ‘‘intrasubject variability’’
and long terminal elimination half-lives (greater than
8 hr)

(2) Products exhibiting high intrasubject variability and
short terminal elimination half-lives (less than 4 hr)

(3) Products exhibiting low ‘‘apparent intrasubject
variability’’ and long terminal elimination half-lives
(greater than 8 hr)

MATERIALS AND METHODS

Bioequivalence Study Protocols

Acceptability of volunteers was based on their medical
histories, physical examination, and laboratory tests. There
was a 1-week washout period between study phases for bac-
lofen and danazol and a 2-week washout for oxazepam.
Study details for each are presented in Table 1.

Data Simulation

Plasma concentration-time data for a linear one-
compartment body model with elimination from the central
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Table I. Study Characteristics for the Danazol, Baclofen, and Oxazepam Bioequivalence Studies
Danazol“ Baclofen” Oxazepam”

Subjects 35 surgically 29 males 28 males

sterile females
Dose 2 X 200-mg capsules 1 X 20-mg tablet 1 X 30-mg tablet
Sampling times 0.33,0.67,1, 1.5, 0.25,0.5,1, 1.5, 05,1,1.5,2,

2,3,4,6, 8, 10, 2,2.5,3,4,6,8, 2.5,3,4,6, 8, 10,

12, 16, 24, 36, 48,

60, 72, and 84 hr
Danocrine,

Winthrop-Breon
14%—4 ng/ml3-14
1-150 ng/ml

Reference drug

Assay CV
Linearity

10, 12, 16, and 24 hr 12, 16, 24, 36, 48,
and 60 hr

Lioresal, Ciba-Geigy Serax, Wyeth
12%-60 ng/ml'®

20-500 ng/ml

2.1%-25 ng/mi*®
10-750 ng/ml

“ Two-treatment, two-period crossover.
® Three-treatment, three-period crossover.

compartment was generated using CONSAM (12). The pa-
rameters used in the simulations were k, Test = 0.8 hr ' [K,
= 0.3 hr ! and K, = 0.08 hr ™' with an fsd (fractional stan-
dard deviation) = 10 and 20% for both values of K] and &,
Reference = 0.4 hr ! (K, and fsd values used were identical
to those of Test data sets). The volume of the central com-
partment was 10 liters.

Concentration—-time data were generated at 0, (.25, 0.5,
1.5,2.5,3.5,4.5,5.5,6.5,7.5, 8.5, 9.5, 10.5, 20.5, 30.5, 40.5,
50.5, 60.5, 70.5, and 80.5 hr following oral administration of
100 mg of drug (F = 1).

Data Analysis

AUC was estimated using the linear trapezoidal
method. For each drug product and simulated data set, the
plasma concentration time curves for the AUC estimates
were defined as follows.

1. Calculations involving only measured drug concen-

trations

a. AUCO-LAST: AUC calculated to the last quanti-
fiable plasma concentration for each subject
within each treatment. All subjects are included in
the analysis.

b. AUCTM: AUC calculated at time TM, which rep-
resents a common time at which there is a quan-
tifiable blood level for each subject. This classifi-
cation of measured levels results in some plasma
levels for subjects with longer half-lives being de-
leted and includes only subjects that receive both
treatments.

2. Calculation of extrapolated concentrations: AUCO-
INF = AUCO0-LAST plus the area from time T to
infinity (1). In this case, extrapolation is obtained in
accordance with the expression

C/K.

where C, is the last quantifiable drug concentration

and K, is the first-order elimination rate constant.
For the oxazepam data set, absorption rate constants, k,,
were determined for the test and reference products using

Estrip (17). The appropriate number of exponentials was as-
sessed using the Akaike information criterion (18).

Statistical Analysis

An analysis of variance (ANOVA) was performed on all
data sets (19). The model contained main effects of subjects,
period, and treatment. Sequence was analyzed as a between-
subject variable. The confidence interval about the differ-
ence between the test and reference means, expressed as a
percentage of the reference mean, was determined (20). The
90% confidence intervals were determined on the basis of
the least square means, the estimated difference between
these means, and the error associated with the least-squares
estimate (residual error of the ANOVA). The mean square
error from the ANOVA, whose estimate is based upon the
difference between test and reference AUC values for each
subject, was used as a measure of apparent intrasubject vari-
ation. By taking the within-subject differences, the subject
effect is removed from the statistical model, resulting in the
intersubject component of variance being removed from the
calculations.

A profile analysis (21) was conducted on the oxazepam
data set to evaluate the statistical significance of the ob-
served changes in the magnitude of the difference between
test and reference AUC values over time.

RESULTS

Simulated Data

The results of the simulation study are presented in Ta-
ble II. The 90% confidence intervals for measured AUC val-
ues and for AUCO-INF, expressed as a percentage of the
reference mean, indicated that AUCTM provided a reason-
able estimate of AUCO-INF only when its confidence inter-
val was the same as that for AUCO-LAST. This occurred at
the half-life of 8.6 hr at 10% fsd. Otherwise, the AUCTM
confidence interval grossly overestimated the infinity confi-
dence interval. As for AUCO-LAST, it appeared to provide
the best estimate of AUCO-INF confidence intervals when
the elimination half-life was short (i.e., 2.3 hr). This result
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Table II. The 90% Confidence Intervals and the Test/Reference Mean Ratio Resulting from 10 and 20% Fractional Standard Deviation
Added to the Simulated Data

AUC(TM) TIR AUCO-Last TIR AUCO-INF TR
10% fsd,
ty, = 8.66 hr 103.2-107.5 1.05 103.5-107.5 1.05 99.1-104.4 1.01
10% fsd,
ty, = 2.3 hr 113.6-117.6 1.15 101.3-105.2 1.03 98.1-104.5 1.01
20% fsd,
ty, = 8.66 hr 108.9-116.1 1.12 91.8-103.3 0.90 90.3-101.8 0.96
20% fsd,
1y, = 2.3 hr 110.1-119.0 1.14 91.5-100.7 0.96 91.1-101.7 0.96

did not appear to be measurably influenced by a random
error of up to 20%.

Experimental Data

Danazol

Rate of Absorption. The mean pharmacokinetic param-
eters and the associated variability estimates for danazol are
summarized in Table III. The two products show compara-
ble maximum concentration (C,,,) and time to maximum
concentration (7,,,,). However, mean C,, ,, and T, ., values
exhibited a large fsd for the test product due to several sub-
jects having large C,,,, values resulting from an apparent
rapid rate of drug absorption.

Extent of Absorption. The measured noninfinity esti-
mate closest to that of AUCO-INF, based upon both its per-
centage infinity value and the test/reference (7/R) ratio of the
means, was AUCO-LAST (Table IV). The relative residual
error defined by the ANOVA (the mean square error of the
residual term divided by the grand mean) ranged from
41.92% (AUCI10M) to 54.07% (AUCO-LAST). Despite its
large relative residual error, the 90% confidence interval for

Table III. Mean Pharmacokinetic Parameters and the Correspond-
ing Intersubject fsd for the Danazol, Baclofen, and Oxazepam

Data Sets
AUCO-INF C ax Tnax Half-life
Drug (ng + hr/ml) (ng/ml) (hr) (hr)
Danazol
Test 476.8 63.4 2.0 11.2
(51.8) (377.5) (1644.2) (1306.5)
Ref 568.3 56.6 22 12.9
(68.2) (52.0) (62.0) (72.2)
Baclofen
Test 1530.6 317.6 1.5 3.4
(32.0) 317 (51.3) (38.7)
Ref 1477.9 302.9 1.6 3.4
(39.3) (35.9 31.1) (30.9)
Oxazepam
Test 3673.2 325.7 3.4 8.1
37.1) (32.3) (40.1) (25.6)
Ref 3306.6 233.9 3.6 10.9
(34.9) (39.9) (39.3) 31.9)

AUCO-LAST provided the best approximation of the 90%
confidence interval defined by AUCO-INF.

For any given fsd, the confidence interval was markedly
influenced by the size of the reference mean. For example,
the danazol confidence interval for AUCO-INF had a width
of 37 units despite its 44% fsd and an N of only 23 subjects
(i.e., that received both treatments). In contrast, the confi-
dence interval associated with the danazol AUCI0M had a
lower fsd and a substantially larger N value but its width was
only slightly less than that for AUCO-INF. This is attribut-
able to the presence of a smaller reference value, resulting in
both upper and lower limits being larger than those for
AUCO-INF.

Baclofen

Rate of Absorption. The two baclofen-containing prod-
ucts were similar with regard to their C,,, and T,,,, values
as well as for the intersubject variability associated with
these values (Table III).

Extent of Absorption. There was little difference in the
magnitude of the fsd-ANOVA regardless of whether the
AUC was measured to hr 6 or to the last detectable concen-
tration. However, the error did increase when the area was
extrapolated from the last measured concentration to time
infinity. Consequently, of the three area estimates, AUCO-
INF was associated with the widest confidence interval (Ta-
ble V). Based upon its percentage infinity value, AUCO-
LAST provided the closest approximation of AUC(O-INF.
However, as seen with the simulated data, when confidence
intervals for AUCO-LAST resembled those for AUCTM,
both estimates had a similar performance. For baclofen, the
T/R ratios were similar across all three AUC values. With
the exception of AUCQO-INF, the fsd-ANOV A remained un-
der 10% across all estimates. For baclofen, the confidence
intervals exhibited approximately equal upper and lower
bounds across all three estimates due to its relatively short
half-life. Therefore, a greater percentage of AUCO-INF was
estimated over the 6-hr time period than was the case for
danazol, which had an 11-hr half-life.

Oxazepam

Rate of absorption. Unlike baclofen and danazol, there
was a statistically significant interproduct difference in ab-
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Table IV. Summary of Factors Involved in the Determination of 90% Confidence Intervals Around the Difference in Treatment Means
Relative to the Reference Product for the Danazol Data Set*

% % Fsd Width
Parameter Ng Ny N(T-R) Test Ref Inf T Inf R T/R ANOVA 90% CI CI
AUCO-INF 27 27 23 476.8 568.0 1.00 1.00 0.84 44.06 65.4-102.4 37.0
AUCO-LAST 35 35 35 397.9 478.0 0.84 0.84 0.83 54.07 63.3-103.1 39.8
AUCIOM 34 34 33 266.2 278.0 0.56 0.49 0.96 41.92 78.5-112.8 343

“ Ngr = number of subjects included in the determination of the reference mean; Ny = number of subjects included in the determination
of the test mean; N(7-R) = number of subjects receiving both treatments included in the interproduct comparison; % Inf T = the ratio
of AUCO-LAST or AUCTM divided by AUCO-INF for the test product; % Inf R = the ratio of AUCO-LLAST or AUCTM divided by
AUCO-INF for the reference product; fsd ANOVA = the residual mean square error divided by the grand mean from the ANOVA; 90%
CI = confidence interval of the difference between the product means expressed in relation to the reference mean; 7/R = test mean/

reference mean for the parameter of interest.

sorption rates of the test and reference oxazepam products.
The mean absorption rate constant (k,) of the generic prod-
uct was 1.857 hr ™!, while that of the reference was 1.173
hr~! (ratio = 1.58). The products differed by 39.2% in their
Conax Values. T, .. values were similar (Table IHI).

Extent of Absorption. The width and direction of the
90% confidence intervals differed according to whether
these intervals were based upon measured or infinity esti-
mates (Table VI). This result is unlike that previously en-
countered with either baclofen or danazol and most probably
reflects the large interproduct difference in oxazepam ab-
sorption rates. It should be noted that despite the disparity in
product absorption rates, drug absorption should have been
completed prior to hr 60 (based upon the estimated absorp-
tion rate constants). In addition, the ratio of k,/K, for both
the test and the reference products exceeded 18.0. Nonethe-
less, the interproduct difference at hr 60 was significantly
different from that observed at AUCO-INF (based upon pro-
file analysis, P < 0.05).

With regard to the relative residual error, the fsd-
ANOVA ranged from 10 to 14%. The error tended to de-
crease as the duration of blood sampling increased. The
width of the 90% confidence intervals decreased accord-
ingly.

In general, the widths of the 90% confidence intervals of
the oxazepam data set for the measured values were wider
than those for AUCO-INF. These differences can be attrib-
uted to a higher fsd since most of the drug had been absorbed
by hr 20. The presence of smaller reference values of the
measured estimates further contributed to the widening of
the confidence intervals.

DISCUSSION

Until now, the accuracy of estimating noninfinity AUC
values, and hence drug product bioavailability, was thought
to be related primarily to the duration of blood sampling
(1,10,11). However, the magnitude of the relative residual
errors associated with these estimates is essential to the sta-
tistical analysis of bioequivalence.

The two one-sided test procedure for determining the
90% confidence intervals relative to some reference mean is
a statistical procedure frequently employed in the evaluation
of product bioequivalence (20). The width and direction of
this statistic are influenced by the number of subjects in-
cluded in the estimate (N), the size of the reference mean,
the ratio of the test/reference AUC value (T/R), and the mag-
nitude of the residual error associated with the estimate of
the difference (20). The current study indicates that the re-
lationship between each of these factors and any noninfinity
AUC estimate is a function of both the magnitude of the
relative residual error associated with a specific drug entity
and the comparability of the absorption rates of the products
being investigated.

The degree of similarity in the relative residual errors
across the noninfinity AUC estimates was a function of the
product’s intrasubject variability. The greatest change in the
fsd from the ANOVA (i.e., 54%) was seen with the danazol
data set. Conversely, the error associated with the ox-
azepam and baclofen data sets were relatively small (approx-
imately 8-14%). Nonetheless, the corresponding confidence
intervals for the three parameters showed considerable vari-
ability. This was due to the use of smaller reference values (a

Table V. Summary of Factors Involved in the Determination of 90% Confidence Intervals Around the Difference in Treatment Means
Relative to the Reference Product for the Baclofen Data Set®

% % Fsd Width
Parameter Ng Ny N(T-R) Test Ref Inf T Inf R T/R ANOVA 90% CI CI
AUCO-INF 29 29 29 1530.6 1477.9 1.00 1.00 1.04 14.89 96.6-110.5 13.9
AUCO-LAST 29 29 29 1308.3 1245.1 0.85 0.84 1.05 9.89 100.5-109.6 9.1
AUCeM 29 29 29 1001.68 946.1 0.65 0.64 1.06 8.56 101.9-109.8 7.9

2 Abbreviations defined in Table IV, footnote a.
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Table VI. Summary of Factors Involved in the determination of 90% Confidence Intervals Around the Difference in Treatment Means
Relative to the Reference Product for the Oxazepam Data Set?

% % Fsd Width
Parameter Ng Np N(T-R) Test Ref Inf T Inf R T/R ANOVA 90% ClI Cl
AUCO-INF 28 28 28 3676.2 3306.6 1.00 1.00 1.11 10.36 106.1-116.0 9.9
AUCO-LAST 28 28 28 3491.4 3058.7 0.95 0.93 1.14 10.70 108.9-119.3 10.4
AUC6M 28 28 28 2915.0 2204.4 0.79 0.67 1.32 14.20 124.3-140.2 15.9

“ Abbreviations defined in Table IV, footnote a.

smaller percentage of the infinity value) as the defined AUC
parameter. In the case of the danazol, in addition to the
change in the reference mean, there was also a change in N.
This was due to missing subject samples and the inability to
estimate accurately a ‘‘log-linear phase’ in all study sub-
jects, the latter being attributable to the presence of second-
ary absorption maxima.

The generation of data subsets can potentially alter a
bioequivalence decision. Therefore, it is imperative that
bioequivalence decisions be established on the basis of all
plasma-level data. In this light, the use of AUCTM estimates
is ill advised since it necessitates the exclusion of a portion
of the blood level-time data for subjects with long drug elim-
ination half-lives from the bioequivalence comparison. Sim-
ilarly, the use of AUCO-INF should be avoided if only a
portion of the study subjects demonstrates a terminal log-
linear phase. Therefore, the use of AUCO-LAST may be
warranted whenever bioequivalence comparisons based on
the infinity estimate uses less than the entire subject popu-
lation.

The outcome of the oxazepam profile analysis was not
consistent with that predicted by Lovering et al. (10) or Wag-
ner (11). Although blood sampling extended well beyond the
estimated absorption phase of both the test and the reference
product and exceeded three times the estimated elimination
half-life of the drug, the magnitude of the difference in the
AUC of the test and the reference products at AUCO-LAST
was significantly greater than the interproduct difference de-
fined at AUCO-INF. In addition, the k,/K_ ratios exceeded
18.0, suggesting that the ratios obtained at hr 60 (which well
exceeds three times the oxazepam elimination half-life)
should adequately represent that ratio defined at time infin-
ity (1). This outcome raises an additional problem which may
discourage the use of partial AUC(s); i.e., the time at which
pseudodistribution equilibrium has been obtained may not
be accurately assessed (22). This inaccuracy can be partic-
ularly problematic when assessing the relative bioavailability
of products exhibiting dissimilar absorption rates.

The results of this investigation indicate that when
AUCO-INF cannot be obtained or when the use of AUC0O-
INF results in a substantial loss of study subjects, the rela-
tive bioavailability of two or more drug products is best as-
sessed by that noninfinite AUC estimate which fulfills the
following criteria:

(1) does not result in the truncation of the available

data,

(2) provides data well within the elimination phase of

both drug products, and

(3) allows for full expression of the uniqueness of the

individual time—-concentration profiles.

The estimate which best fulfills all of the above criteria is
AUCO-LAST. Accordingly, the confidence intervals associ-
ated with AUCO-LAST consistently provide the best esti-
mate of those intervals defining the difference in product
bioavailability at time infinity. Therefore, we recommend
the use of AUCO-LAST whenever AUCO-INF cannot be
adequately established.
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