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Purpose. The object of this work was to devise four new direct curve
comparison (DCC) metrics and examine each metric’s distribution
properties and performance characteristics.

Methods. DCC metrics, Cmax, and AUCi were calculated from two
bioequivalence studies of three sustained release carbamazepine for-
mulations, where a range of profile similarity was observed. DCC
metric values and their confidence intervals were compared to Cmax
and AUCI.

Results. The DCC metrics p, p,,, 9, and 3, exhibited more favorable
distributions than Cmax and AUCi ratios, which were frequently
skewed. The DCC metrics performed differently than Cmax and
AUCi ratios in profile comparisons due to the nature of the DCC
metrics. Unlike Cmax and AUCI, the DCC metrics utilize all data
points to directly compare entire profiles. Each DCC metric appears
to measure “exposure” in a single assessment. Possible bioequiva-
lence acceptance criteria are: p =1.40, p,, =0.35, 3, =0.27, and 3,
=0.102.

Conclusions. These DCC metrics, particularly p,,, are promising bio-
equivalence metrics for “exposure.”
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INTRODUCTION

The review of bioequivalence data involves a graphic
comparison of the test and reference cross-over plasma con-
centration-time profiles. In performing this review, qualita-
tive impressions are formed of the differences in maximum
plasma concentration, the extent of absorption, and the shape
of plasma concentration-time profiles. Presently, the quanti-
fication of bioequivalence is based on differences in the maxi-
mum plasma concentration (Cmax) and differences in the
area under the plasma concentration-time profile extrapo-
lated to infinity (AUCi). Neither of these metrics compares
the entire shapes of the two profiles, although a metric that
compares overall profile shape would arguably be valuable.
Such a metric can be described as a direct curve comparison
metric (DCC), because it, unlike Cmax and AUCI, would
directly compare entire test and reference profiles. Rescigno
(1) and Chinchilli and Elswick (2) have suggested such bio-
equivalence metrics. Unlike Cmax and AUCi, a DCC ap-
proach utilizes all data points, compares profiles at the same
time points, and provides a single evaluation. Relative to
Cmax and AUCI, DCC metrics better detect curve shifts (i.e.
drug absorption lag times) and differences between multiple
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peak profiles, as is often the case for extended release prod-
ucts (3).

The object of this work was to devise four new DCC
metrics and examine each metric’s distribution properties and
performance characteristics. This objective was undertaken
from the viewpoint that Cmax and AUCi do not sufficiently
compare the shapes of plasma concentration-time profiles in
all cases. The goal in developing these DCC metrics was to
explore the potential for such a metric to supplement, or
indeed replace, Cmax and AUCI as bioequivalence metrics.

Limitations of Cmax and AUCI as bioequivalence met-
rics have previously been identified, and in part arise from the
regulatory and legal definitions concerning bioequivalence
and bioavailability. Bioequivalent drug products must display
comparative bioavailability when studied under similar ex-
perimental conditions (4). Bioavailability is defined as “the
rate and extent to which the active drug ingredient or thera-
peutic ingredient is absorbed from a drug product and be-
comes available at the site of drug action” (5). This definition,
which emphasizes rate and extent of drug absorption, has
resulted in the use of the maximum plasma concentration
(Cmax) and the area under the plasma concentration-time
profile extrapolated to infinity (AUCi) as bioequivalence
metrics. Cmax and AUCi serve as metrics for rate and extent,
respectively.

While AUCi exhibits favorable properties as a metric for
extent (6), Cmax has been criticized as a metric for rate.
Cmax reflects extent (6-8). These properties result in the
evaluation of extent twice, once from AUCi and once from
Cmax, with Cmax the generally more variable metric. While
not an ideal metric for rate, Cmax can be valuable as a metric
for dose-dumping, a safety concern (7). In Canada, for un-
complicated drugs, the Cmax ratio needs lie between 80-
120%, and not its confidence interval (9).

For average bioequivalence, one approach to address the
limitations of Cmax is the use of an alternative metric for rate.
Cmax/AUC (10-14) and partial AUC (11,14,15) have been
examined as rate metrics, but opposing recommendations
have emerged. A method for Tmax (16) and other novel rate
metrics (17) have also been suggested. Cmax/AUC has also
been suggested, in the context as a secondary metric to AUC
(18,19), but opposing recommendations have emerged
(20,21).

Another approach to address the limitations of Cmax is
the revisitation of the definitions of bioavailability and bio-
equivalence. Tozer et al. (22) encourage the concept of “ex-
posure” rather than “rate and extent of absorption,” and in-
dicate the goal of bioequivalence testing to be the assurance
of similar concentration-time profiles. Since infinite profiles
can calculate to the same AUCIi, AUCi is not an acceptable
single exposure metric (11,22).

In an effort to identify potential “exposure” metrics (i.e.
metrics that compare entire plasma profiles), the object of this
work was to devise four new DCC metrics and examine each
metric’s distribution properties and performance characteris-
tics. The DCC metrics were applied to plasma concentration-
time profiles data sets from two bioequivalence studies of
three sustained release carbamazepine formulations. The
data sets were carefully selected since marginal bioequiva-
lence and marginal bioinequivalence, as dictated by Cmax
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and AUCI, was evident in the data sets. DCC confidence
intervals and possible bioequivalence criteria are provided.

THEORETICAL

Four new metrics for bioequivalence (p, p,,, 9, and 3,)
are defined below. The basis for each metric’s construction is
provided. In an effort to compare entire profiles, each metric
utilizes all plasma profile data and reflects entire profile simi-
larity/dissimilarity. In the final form of each metric, the sum of
the test and reference concentrations serves as a weight to
give importance to the higher concentrations. Each metric is
constructed such that the assignment of the test and reference
product is without consequence.

Rho

p considers the ratio of the profiles at the same time
points. To allow all points of the profiles to be included in a
ratio approach, p utilizes the larger of either 7/R or R/T,
where R and T are the concentrations of the reference and
test products, respectively, at time . For the unweighted com-
parison of a single pair of plasma concentrations at time ¢, p“
= RATIO where RATIO is the larger of T/R and R/T. The
superscript u denotes that the metric is unweighted. The
larger, rather than smaller, ratio is used since the resulting
distribution is likely to be skewed positively (to the right),
which may be converted to a normal distribution via In trans-
formation. As discussed in the Methods section, the In trans-
formation approach in current regulatory use for Cmax and
AUCi analysis is followed here.

For n number of paired plasma samples, the unweighted
metric is p* = 1/n 37_, RATIO,, where RATIO is the larger
of T/R and R/T. The general expression for a weighted arith-
metic mean is X = X", w,X,/3"_,w,. Applying a weight of (R
+ T) to p* = RATIO gives the weighted metric:

>'(R, + T, x RATIO,
=1
p= n
2R+ T)
=1
It should be noted that p = 1. If either R or T (but not both)
are equal to zero, then a value of 10 is assigned to RATIO,
although other solutions could be applied. If both R and T are
equal to zero, then a value of 1 is assigned to RATIO.
Since a natural logarithm approach was used to construct
a confidence interval for p (see Methods section), the numera-
tor and denominator of p are denoted as N, and D, respec-
tively.

(1a)

N, = DR, +T,) x RATIO,

=1

(1b)

D= >R +T) )
=1

Because the dissimilarity of points at low concentrations con-
tributes to overall curve dissimilarity, an entire profile com-
parison approach will be influenced by the analytical limit of
quantification (LOQ). For example, the value of p may in-
crease or decrease when test and reference points are made
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quantifiable through a more assay. While this attribute may
be undesirable, its impact is attenuated by the (R + T) weight.

Rho

m

The metric p,,, also considers the ratio of plasma profiles.
While p in Eq. 1a considers RATIO, p,, considers RATIO —
1. When weighted by (R + T),

n

DR, +T)x[RATIO, - 1]
Pm = . (32)
D(R+T)

=1

Hence, p,, = 0. For non-identical profiles that are less than
2-fold dissimilar, p,, <1 < p.
The numerator of p,, is denoted as N, and is

n

N, =>(R,+T)x[RATIO,~1]

=1

(3b)
The denominator is the same as Eq. 2.

Delta,

3, (and 3, below) considers the difference between two
profiles relative to the size of the profiles. Using the absolute
value of the difference for the numerator and the mean for
the denominator yields 8% = |[R — T|/0.5(R + T), for the un-
weighted comparison of a single pair of plasma concentra-
tions at time t. The subscript a denotes that the absolute
difference is employed. For n number of paired plasma
samples, 8 = 1/n[|R, — T,)0.5(R, + T,) + |R, — T,[/0.5(R, +
)+ R, -T,)J05R,+T,)] =2n2_ IR, - T)Y(R,+T).
Applying a weight of (R + T) to 3} gives the weighted metric

2R, - T)
=1

DR +T)
=1

It should be noted that 0 = §,. Previously, Rescigno (1) de-
fined the metric & = 3/_, [R, - TJ2"_ (R, + T,). 3, is simply
two-fold §&;.

The numerator of §, is denoted as Ny and is

) (4a)

Ny =22IR, - T (4b)
=1

The denominator is the same as Eq. 2.

Delta,

d, is similar in development to 8, The difference be-
tween two profiles relative to the size of the profiles is con-
sidered. Since squaring is a common method to avoid the
absolute value function, the squared difference is used in the
numerator, and the mean profile is used in the denominator,
yielding 8 = (R - T)*/[0.5(R + T)]? for the unweighted com-
parison of a single pair of plasma concentrations at time «. The
subscript s denotes that the squared difference is employed.
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For n number of paired plasma samples, 8% = 1/n[(R, - T,)*/
[05(R, + T)]? + (R, — T,)*[0.5(R, + T + -+ (R, —
T.,)%[0.5(R, + T,)*] = 4/n 37, (R, - T)*/(R, + T,)*. Apply-
ing a weight of (R + T) to 8 = (R — T)*/[0.5(R + T)]* gives
the weighted metric:

S (R -T)
El (R,+T)
dy=—— (5a)

n

DR +T)

=1

The numerator of , is denoted as N5 and is

_ § (R, - Tz)z
Mo 42 R

=1

(5b)
The denominator is the same as Eq. 2.
METHODS

Carbamazepine Data Sets

Carbamazepine plasma profile data from two bioequiva-
lence studies of three different sustained release formulations
were used to study the distribution and performance charac-
teristics of the four novel bioequivalence metrics (23). These
studies were selected since results showed various profiles to
be bioequivalent and bioinequivalent to one another, includ-
ing some sets to be marginally bioequivalent. In study 1 for-
mulations FAST and MODERATE-A were administered to
12 fasted, healthy volunteers in a two-way crossover study.
Plasma profiles of formulations FAST and MODERATE-A
are plotted in Fig. la.

In study 2 formulations of FAST, MODERATE-A, and
MODERATE-B were administered to 12 fasted, healthy vol-
unteers in a three-way crossover study. FAST and MODER-
ATE-A were the same formulations in study 1. Plasma pro-
files are plotted in Fig. 1b.

These formulations were selected to characterize the new
metrics since various formulation pairings exhibit differing
degrees of profile similarity. Cmax from the formulations was
FAST >> MODERATE-A = MODERATE-B. Table I lists
the conventional Cmax and AUCi bioequivalency results,
from the In transformation approach (24). Formulations
MODERATE-A and MODERATE-B were similar. FAST
differed modestly from MODERATE-A; FAST and MOD-
ERATE-A were bioequivalent in study 1, but bioinequivalent
in study 2. FAST and MODERATE-B were bioinequivalent.
A difference between MODERATE-A and MODERATE-
B, which were similar in formulation design, was one subject
who showed low Cmax and AUCi from a dose of MODER-
ATE-B (about two-fold less).

Bioequivalence Metrics and Their Confidence Limits

Four new metrics (p, p,,,, 3, and 3,) were evaluated. They
are defined above in Eq. 1a, 3a, 4a, and 5a, respectively. Cmax
and AUCI ratios were also evaluated. The 90% confidence
intervals for Cmax and AUCI ratios were determined (24).
Using the subject-within-sequence mean-square error as the
variance, ANOVA analysis indicated no sequence effect on
InCmax or InAUCi (p > 0.5).
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Fig. 1. Mean carbamazepine plasma profiles from study 1 and study
2. (a) In study 1, FAST and MODERATE-A profiles were modestly
dissimilar (and bioequivalent). (b) In study 2, MODERATE-A and
MODERATE-B profiles were similar, FAST and MODERATE-A
profiles were modestly dissimilar (and bioinequivalent); and FAST
and MODERATE-B were markedly dissimilar.

The upper 95% confidence limit for p, p,,, 8, and &, were
determined using the same approach applied to Cmax and
AUCI ratios. Briefly, like Cmax and AUCi ratios, this ap-
proach relied upon the identity InN — InD = In (N/D) =
In(metric). For each individual, the difference between the In
transformed numerator [InN] and In transformed denomina-
tor [InD] was computed, and interpreted to be In(metric). For
example, for p,,, InN, - InD was taken to yield Inp,,. From
the individual subjects, In(metric) was calculated. The upper
95% confidence limit of In(mefric) was computed, using
sfn(m) as the intrasubject variance:

. _MSEy,y  MSEyp

Sln(merri(') -

(6)

Nin N Min p

where MSE,,,, and MSE,,,, are ANOVA mean-square error
of InN and InD, respectively; and n,,, and n,,,, are sample
size for InN and InD, respectively.

As is done with Cmax and AUCI, Eq. 6 indicates that the
variance of InN — InD is the sum of the variance of InN and
the variance of InD, which assumes InN and InD are indepen-
dent. Since InN and InD utilize the same data, InN and InD
may exhibit interdependence. However, this was not the case
(data not shown).

Like for InCmax and InAUCi, no sequence effect was
evident for any of the novel bioequivalence metrics (ANOVA
p > 0.15).

Additionally, the metric f,, which is used to compare
dissolution profiles, was applied to the carbamazepine data
sets (25).
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Table I. Novel Bioequivalence Metrics: Numerical Values and Comparison to Conventional Cmax and AUCi Pass/Fail Results®”

Cmax AUCi
Formulations ratio ratio p P 3, 3
MODERATE-A vs. 1.02 1.02 1.26 0.217 0.178 0.0500
MODERATE-B (0.91-1.15) (0.92-1.12) (=1.34) (=0.288) (=0.225) (=0.0783)
(study 2) Pass Pass Pass Pass Pass Pass
FAST vs. 1.13 1.04 1.30 0.289 0.218 0.0751
MODERATE-A (1.07-1.20) (0.99-1.10) (=1.44) (=0.362) (=0.263) (=0.103)
(study 1) Pass Pass Fail Fail Pass Fail
FAST vs. 1.17 1.07 1.29 0.261 0.214 0.0647
MODERATE-A (1.05-1.32) (0.97-1.18) (=1.37) (=0.346) (=0.271) (=0.101)
(study 2) Fail Pass Pass Pass Fail Pass
FAST vs. 1.20 1.09 1.36 0.301 0.225 0.0794
MODERATE-B (1.07-1.35) (0.99-1.20) (=1.45) (=0.399) (=0.285) (=0.124)
(study 2) Fail Pass Fail Fail Fail Fail

“ Least squares mean and 90% confidence interval (Cmax ratio and AUCi ratio) or upper 95% confidence limit (p, p,,,, 3,, and 8,). Formulation
comparisons are listed from most similar to least similar, according to Cmax.

b Passing or failing for p, p,,, and §,, and §, were based the following acceptance criteria: p < 1.40, p,,, =< 0.35, 8, = 0.27, and §, =< 0.102. Using
the upper confidence limit, there was concordance between 3, and the traditional criteria (Cmax and AUCI) in passing or failing studies.
Meanwhile, p, p,,, and 3, provided opposite results from the traditional criteria for the FAST vs MODERATE-A studies.

=1

1 n -0.5
£,=50 log{ [1 e DR, - T,)z] x 100}

Skewness of Bioequivalence Metrics

In assessing the distribution properties of the new bio-
equivalence metrics, the distribution of each p, p,,, d,, and d,
were examined by calculating the skewness. Skewness was
determined from (26):

% 2,65

gl = 1 n 372
(; E(xi _)_C)Z>

i=1

where gl is skewness, 7 is the number of crossed-over plasma
profiles, x; is the metric value of sample i, and X; is the mean
metric value.

A data set is skewed right if data stretch to the positive
direction. A data set is skewed left if data stretch to the nega-
tive direction. Positive values of gl indicate positive skewness.
Negative values of gl indicate negative skewness. For per-
fectly symmetrical distribution, gl = 0. A parametric confi-
dence interval approach, such as the regulatory approach for
Cmax and AUCi ratios (24) and the approach here for p, p,,,
8, and d, assumes a normal distribution. Thus, a desirable
tendency of a bioequivalence metric is gl = 0. Skewness is a
recommended method to assess whether a data set exhibits
approximate normal distribution (26,27).

RESULTS AND DISCUSSION

Cmax and AUCIi Ratios

Table I lists least squares mean Cmax and AUCI ratios
for the four formulation comparisons. In all cases, formula-
tions were bioequivalent in terms of AUCI. Differences in
Cmax occurred. For Cmax, MODERATE-A and MODER-
ATE-B were bioequivalent. In both study 1 and 2 FAST
Cmax was over 10% greater than MODERATE-A Cmax;

they were considered modestly dissimilar. FAST Cmax was
20% greater than MODERATE-B Cmax; they were consid-
ered markedly dissimilar.

In Fig. 2, there was rank-order agreement in mean Cmax
ratio and AUCi ratio across the four comparisons. In the
comparison of MODERATE-A and MODERATE-B, Cmax
and AUCI ratios were lowest (lower left data point). For
FAST vs. MODERATE-B, Cmax and AUCi ratios were
highest (upper right data point). A criticism of Cmax and
AUCi as bioequivalence metrics is that AUCi and Cmax are
each measures of extent of drug availability. Hence, extent is
tested twice. Figure 2 supports this criticism, although clearly
Cmax and AUCI are not identical. Interestingly, for the two
comparisons where Cmax fails but AUCi passes, an upper
AUCi criteria of 115% would give concordance between
Cmax and AUC], in terms of passing or failing.

In Table II, skewness of In(Cmax ratio) and In(AUCi
ratio) are listed. Except the comparison of FAST vs.

130 — R
1.20 |
1.10

1.00 |
0.90 - :
0.80 -
0.70

AUCI Ratio

07 08 09 1 11
Cmax Ratio

Fig. 2. Relationship between AUCi ratio and Cmax ratio. Error bars
denote 90% confidence interval. The box circumscribed by dashed
lines is the region of bioequivalence, based upon AUCi (0.8-1.25)
and Cmax (0.8-1.25). From lower left to upper right, points are
MODERATE-A vs. MODERATE-B (®), FAST vs. MODER-
ATE-A (study 1) (O), FAST vs. MODERATE (study 2) (O), and
FAST vs. MODERATE-B (A). Mean Cmax and AUCiI ratios fol-
lowed a rank-order relationship.

12 13 14
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MODERATE-A in study 1, either In(Cmax ratio) or
In(AUCi ratio) showed large, negative skewness. For
MODERATE-A vs. MODERATE-B, In(Cmax ratio) and
In(AUCi ratio) were both very negatively skewed; gl values
were —1.65 and —2.47, respectively, due to a single subject.
Similarly, for FAST vs. MODERATE-A in study 2, gl =
—1.08 for In(Cmax ratio) due to a single subject. Since a con-
fidence interval approach assumes a normal distribution, a
desirable tendency of a bioequivalence metric is g1 = 0.
These skewness values deviate substantially from 0, suggest-
ing that Cmax and AUCi are not optimal bioequivalence met-
rics, from a statistical viewpoint. It should be noted that In
transformation of Cmax and AUCI is not always performed.
However, the use of untransformed Cmax and AUCi gener-
ally did not improve skewness here.

Novel DCC Metrics: Numerical Values and Comparison to
Cmax and AUCi

Table I, the least squares mean (and upper 95% confi-
dence limit) of p, p,,,, 8, and 8, from each comparison is listed.
Values for f, are not shown since it exhibited poor distribu-
tion properties for statistical analysis (see below and Table
IT). Numerical mean values for p, p,,, 8, and 8, were about
1.3, 0.25, 0.2, and 0.06, respectively, and reflected the nature
of each metric. For p, values of about 1.3 show p to represent
the ratio of the higher concentration to the lower concentra-
tion, with approximately a 30% difference. A 30% difference
between formulations across the entire plasma profile is com-
mon (3). For p,,, values of about 0.25 reflect that p,, Op — 1.
Table I does not indicate p,, = p — 1, but rather p,, <p —1 (i.e.
0.25 < 1.3 - 1). In Table I, p,,, < p — 1 since exp(mean In(x;))
< mean of exp(In(x;)); the point estimate of p,,, in Table I is
computed from the traditional exp(mean In(x;)) method (24).
Hence, while a derivation of p,, = p — 1 from Eq. 3a is
correct, application of the In transformed method will show
P <p—1,asin Table L.

There was rank-order agreement among mean p, p,,,, 9,
and d, values. The rank-order (according to increasing differ-
ence) was:

MODERATE-A vs. MODERATE-B
FAST vs. MODERATE-A (study 2)
FAST vs. MODERATE-A (study 1)
FAST vs. MODERATE-B

The upper 95% confidence interval of p, p,,, and , (but not
d,) also exhibited this rank-order. This rank-order did not
agree with that for Cmax and AUCI, where FAST vs. MOD-
ERATE-A comparisons in studies 1 and 2 were switched (as
in Table I).

As illustrated in Fig. 3a—d and listed in Table I, MOD-
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ERATE-A vs. MODERATE-B gave lowest values for p, p,,,,
3, and §,, as well as the lowest Cmax and AUCi ratios. In Fig.
3a—d, the lower left data point shows the lowest values to be
the DCC metrics and Cmax values for MODERATE-A vs.
MODERATE-B. Similarly, FAST vs. MODERATE-B gave
highest values for p, p,,, 8,, and 3, as well as Cmax ratio [and
AUC: ratio] (upper right data point).

However, for the two middle profile comparisons involv-
ing FAST vs. MODERATE-A, the rank-order for mean
DCC metrics differed from the rank-order for Cmax and
AUCI. For FAST vs. MODERATE-A, Cmax and AUCI ra-
tios from study 2 exceeded study 1 ratios. Cmax in study 2
failed bioequivalence. However, for p, p,,, 8, and &, study 2
gave smaller mean metric values than study 1. In Fig. 3a—d, for
each of the DCC metrics, there was not a rank-order agree-
ment between Cmax and the mean DCC metric.

Moreover, from Fig. 3 and Table I, there was not rank-
order agreement between Cmax and the upper 95% confi-
dence limit for p, p,,, and d,. For each the p, p,,,, and 3, upper
confidence limits, FAST vs. MODERATE-A comparisons in
studies 1 and 2 were switched, relative to Cmax results. For 3,
there was rank-order agreement between Cmax and 8,’s up-
per confidence limit. As discussed below, passing and failing
profile similarity was determined from the upper confidence
limit. These results indicated that while p, p,,, 8, and §; are
generally similar to Cmax and AUCiI ratios in performance,
they tended to differ from Cmax and AUCi ratios in rank-
ordering profile similarity. These DCC metrics are simply
different than Cmax and AUCi.

This difference between these novel DCC metrics and
Cmax and AUCi ratios reflects the distinction between a
DCC approach and the approach using Cmax and AUCi to
compare profiles. A DCC approach compares profiles at all
time points. Arguably, Cmax and AUCi do not compare en-
tire profiles at all points in the same way that p, p,,,, 8, and 3,
achieve profile comparison. Cmax perhaps concerns only one
time point, and often not the same time point between test
and reference. An infinite number of profiles can calculate to
the same AUCi. While it may be debatable that metrics such
as p, p,» 9, and 3, more comprehensively compare entire
profiles, or whether more comprehensive comparisons are
needed, Fig. 3a—d indicates that these novel DCC metrics
perform differently than Cmax and AUCI ratios in profile
comparisons. This observation is consistent with previous ob-
servations, where DCC metrics better detect curve shifts (i.e.
drug absorption lag times) and differences between multiple
peak profiles, compared to AUCi and Cmax (3).

Novel DCC Metrics: Distribution Properties

In addition to arguably better profile difference detec-
tion, the DCC metrics exhibited better distribution proper-

Table II. Skewness Values (gl) of Bioequivalence Metrics

In(Cmax In(AUCi
Formulations ratio) ratio) In(p) In(p,,) In(3,) In(3,) 2
MODERATE-A vs. MODERATE-B (study 2) -1.65 -2.47 1.77 0.549 0.454 0.375¢ -1.49
FAST vs. MODERATE-A (study 1) 0.498 -0.197 0.309 -0.261¢ —-0.432 —0.446 —0.886
FAST vs. MODERATE-A (study 2) -1.08 0.116 —-0.086¢ —0.454 -0.463 -0.460 -1.04
FAST vs. MODERATE-B (study 2) —-0.303 -1.60 1.09 0.323 0.576 0.242¢ -1.54

“ Least skewed.
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Fig. 3. Relationship between Cmax ratio and the four novel bioequivalence metrics (a) p, (b) p,,, (c) 3, and (d) 3. Error bars denote
90% confidence interval for Cmax, and upper 95% confidence limit for novel bioequivalence limit. The region circumscribed by
dashed lines is the region of bioequivalence, based upon Cmax (0.8-1.25) and the novel bioequivalence metric (p = 1.40, p,, = 0.35,
3, = 0.27, and §; = 0.102). The novel metrics generally reflected Cmax ratio, but frequently provided a different rank-order than Cmax
ratio for profile similarity. Points are MODERATE-A vs. MODERATE-B (@), FAST vs. MODERATE-A (study 1) (O), FAST vs.

MODERATE (study 2) (O), and FAST vs. MODERATE-B (A).

ties. The 95% confidence limit approach assumes a normal
distribution. A practical method to assess this assumption is
to measure skewness (26,27). Table I shows that distributions
for In(p), In(p,,), In(3,), and In(d,) were more symmetrical
than for In(Cmax ratio) and In(AUCi ratio). In(p,,), In(3,),
and In(3,) performed the best. g1 for the novel DCC metrics
were generally more close to 0, than In(Cmax ratio) and In
(AUCi ratio). In most cases, gl was + 0.5 of zero. Meanwhile,
except FAST vs. MODERATE-A in study 1, either In (Cmax
ratio) or In(AUCi ratio) showed large, negative skewness (g1
< —1). £, exhibited poor distribution properties. f, was often
strongly negatively skewed (gl < —1). In(f,) was even more
negatively skewed (data not shown).

For FAST vs. MODERATE-A in study 2, one subject
showed a low Cmax ratio of 76.4%, contributing to a nega-
tively skewed In(Cmax ratio) distribution (g1 = -1.08). Dis-
tribution skewness of In(p), In(p,,,), In(3,), and In(3,) did not
suffer from this subject. This subject did not even provide the
largest In(p), In(p,,), In(3,), and In(3,) values, but rather only
the third or fourth largest values, since all of the other data
points are including in the profile comparison, and are not as
disparate. Similarly, for MODERATE-A vs. MODERATE-
B, In(Cmax ratio) and In(AUCi ratio) were both very nega-
tively skewed due to a single subject. The distributions of the
novel metrics were better behaved.

Because of its more favorable distribution characteristics
and its easy interpretability (i.e. its interpretation as a ratio),
P, 1s the most promising DCC metric. Clearly, however, more
experience with this and other DCC metrics is needed.

Novel DCC Metrics: Confidence Limits and Suggested
Acceptance Criteria

In considering bioequivalence acceptance limits for p, p,,,,
8, and d,, Table I lists the upper 95% confidence acceptance
limits that provide maximum concordance with Cmax and
AUCI bioequivalence results. The limits are: 1.40 for p, 0.35
for p,,, 0.27 for §,, and 0.102 for &,. Of course, these identified
limits are exploratory. Much more experience is needed to
assess the therapeutic validity of such criteria. These values
are consistent with the derivation and nature of each metric,
and reflect the familiarity of Cmax and AUCi criteria. For
example, the criteria p = 1.40 and p,,, = 0.35 (rather than p =
1.25 and p,, = 0.25) are consistent with bioequivalent profiles
often differing by over 30% on simple average across all time
points (3). Also, an evaluation where 8, = 0.27 closely reflects
the —80%—+125% range for Cmax and AUCI.

As emphasized above and in Fig. 3a—d, p, p,,, 8, and 3,
are similar to but different from Cmax and AUCi ratios. The
broad similarities are evident in Fig. 3a—d and listed in Table
I. For the comparison of MODERATE-A vs. MODERATE-
B, which were easily bioequivalent, all four DCC metrics
passed. Likewise, for FAST vs. MODERATE-B, which easily
failed bioequivalence, all four DCC metrics failed. In Table I,
the bioequivalence acceptance criteria of the DCC metrics
were: p = 1.40, p,,, = 0.35, 3, = 0.27, and 5, = 0.102.

However, Table I indicates discordance between the tra-
ditional criteria and several of the DCC metrics, in assessing
passing and failing of the FAST vs. MODERATE-A com-
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parisons. Cmax and three of the DCC metrics (p, p,,, and d,)
provided opposite bioequivalence results for FAST vs. MOD-
ERATE-A (study 1) and FAST vs. MODERATE-A (study
2), the two moderately dissimilar profiles. In study 1, FAST
and MODERATE-A passed bioequivalence using Cmax and
AUCH; in study 2, they failed bioequivalence Cmax and
AUCI. §, also yielded these same results, based upon a con-
fidence limit of 3, = 0.27 (although mean 3, was greater in
study 1 than study 2). Meanwhile, p, p,,, and d, each failed in
study 1, but passed in study 2. Clearly, the consideration of
alternative bioequivalence metrics affords the possibility that
some metrics will yield a “bioinequivalent” result, in spite of
a “bioequivalent” result obtained from Cmax and AUC], and
vice versa.

Potential Role for DCC Metrics

The motivation for this introduction of four novel DCC
metrics was the desire to compare the shapes of plasma con-
centration-time profiles, given the viewpoint that Cmax and
AUCI do not sufficiently accomplish this comparison in all
cases. Although data sets pass the traditional criteria, curve
shifts or delays in absorption of a test formulation relative to
reference may result in therapeutic inequivalence for some
indications (e.g. pain relief, anti-anxiety, nasal decongestant,
treatment of diarrhea). DCC metrics have previously been
shown to better detect curve shifts (i.e. drug absorption lag
times) and differences between multiple peak profiles, than
Cmax and AUCi (3).

From the work presented here, it has been shown that
DCC metrics can show concordance with the traditional cri-
teria (i.e. traditional criteria and DCC metric both agree and
conclude bioequivalence, or both conclude bioinequivalence).
It has also been shown that disconcordant results can occur
(i.e. traditional criteria passes while DCC fails, and vice
versa). All four combinations of concordance and discor-
dance between traditional and DCC metrics was observed
here.

Of particular interest, FAST was bioequivalent to
MODERATE-A in study 1 in traditional criteria (Fig. 1), yet
several of the DCC metrics concluded bioinequivalence, as
FAST’s profile had risen earlier and declined earlier relative
to the profile of MODERATE-A. Meanwhile, in study 2,
FAST was bioinequivalent to MODERATE-A in the tradi-
tional criteria due to Cmax (Fig. 2), yet several of the DCC
metrics concluded bioequivalence, as the rise and fall of the
profiles were similar, except in the timeframe around Cmax.
These results indicate that DCC metric can potentially
supplement, or indeed replace, the existing criteria for bio-
equivalence. Clearly, however, more experience with DCC
metrics is needed.

In summary, the object of this work was to devise four
new DCC metrics and examine each metric’s distribution
properties and performance characteristics. The DCC metrics
P, P,y O, and 3, exhibited more favorable distributions that
Cmax and AUCI, which were frequently skewed. While it
may be debatable that DCC metrics more comprehensively
compare entire profiles, or whether more comprehensive
comparisons are needed, the DCC metrics performed differ-
ently than Cmax and AUCI ratios in profile comparisons.

Polli and McLean

Each DCC metric appears to measure “exposure” rather
“rate and extent,” and appears to achieve such an assessment
in a single valuation. Possible bioequivalence acceptance cri-
teria are: p = 1.40, p,,, = 0.35, 3, = 0.27 and §, = 0.102. Given
the potential need for “exposure” metrics, these DCC metrics
(particularly p,,,) are promising bioequivalence metrics.
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