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Purpose. Stratum corneum tape stripping post-application of a drug product followed by analysis of the
active agent in this tissue layer is an approach being seriously considered for the comparative assessment
of topical bioavailability. Key issues revolve around how best to perform this experiment and interpret
the data.
Methods. Using previously published results from a comparative study of three 0.025% tretinoin gel
products, alternative data analysis approaches are presented that may render the technique more
accessible to the evaluation of new and generic topical dosage forms.
Results. For the tretinoin gel study, the conclusions for bioequivalence from measurements of drug levels
at only one uptake and one clearance time were the same as those from the original study, which required
measurements at eight different treatment times. Furthermore, comparisons of drug levels at one uptake
and one clearance time discriminated differences in bioequivalence for clearance and uptake, which had
previously been missed. Half-life estimates, derived from time course data of drug clearance, can be
related to lag time for drug penetration through the SC.
Conclusions. This new data analysis demonstrates that comparative bioequivalence might be assessed
more easily.

KEY WORDS: dermatopharmacokinetics; skin; stratum corneum; tape stripping; topical drug
bioequivalence.

INTRODUCTION

The US Food and Drug Administration (FDA) is
mandated by law to identify procedures to facilitate the
commercialization of bioequivalent, generic drug products.
With respect to oral delivery, the accepted approach is
relatively straightforward and is principally based on matching
blood level profiles (rate and extent of absorption). For topical
drug products, apart from those containing corticosteroids, a
clinical trial is the only route for approval of a generic or for
replacement of an already approved dermatological product
that has appreciable compositional changes. Comparative
clinical trials are relatively insensitive, time-consuming and
costly. To gain adequate statistical power to clearly evaluate
bioequivalence can require several hundred subjects (1).

As a result, the FDA has been seeking an assessment
protocol that might replace clinical efficacy studies and, in
1998, a dermatopharmacokinetic (DPK) approach was pro-
posed as an alternative for assessing bioequivalence (BE) (2).
In this minimally invasive method, drug levels in the stratum

corneum (SC) are measured as a function of time post-
application and post-removal of the formulation using tape-
strip sampling in vivo in humans.

The DPK protocol (2) specifies that each formulation is
applied to at least eight sites divided equally for studying the
kinetics of drug uptake and clearance. To assess drug uptake,
the formulation is cleaned from four treatment sites at four
different times post-application and then immediately tape
stripped. Clearance is measured at the four remaining sites by
removing the drug from the skin surface at the longest of the
post-application times in the uptake measurements, and then
tape stripping at four different times post-removal. Each of
the 8 treatment sites is tape stripped 12 times and tape strips
3–12 are combined and quantified for drug. The amount of
drug in the first two tape strips is not included in the
assessment due to the possibility of incomplete removal of
the topically applied product from the skin surface (2). The
time points for uptake and clearance are not specified, except
for the longest uptake time, which is supposed to be long
enough that drug uptake is at steady state (2). Although other
study sites are allowed (2), most DPK studies are conducted
on the volar forearm for reasons of convenience.

The FDA guidance recommended that the performance
of a topical formulation should be quantified in a manner
which mirrors BE tests for oral drug bioavailability in which
blood levels are measured (2). That is, the amount of drug in
the tape-strip samples is characterized in terms of the three
pharmacokinetic parameters illustrated in Fig. 1: (1) the time
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integration of the amount of drug (AUC); (2) the maximum
amount of drug (Amax), which is somewhat confusingly
referred to as Cmax in the FDA guidance (2) and by Pershing
et al. (3,4); and (3) the time (Tmax) at which Amax is first
observed. Bioequivalence between the test and reference
formulations is then assessed by constructing the 90% confi-
dence interval for the ratio of the geometric means of the test
and reference products (i.e., the geometric means based on the
log-transformed data) using the two one-sided hypotheses at
the α=0.05 level of significance (2). For the test and referenced
products to be deemed BE, the confidence interval for the
ratio of the means should fall within 80–125% for the AUC
and 70–143% for Amax (2). No BE criteria are specified for
Tmax, probably because it usually coincides with the time of
drug removal in the clearance studies [e.g., see (3)] and is
therefore an insensitive indicator of differences in prod-
ucts. While the FDA guidelines allow for the use of metrics
other than AUC and Amax, no other options are mentioned.

In 2002, the FDA withdrew the DPK guidance (5) citing
two principal concerns: (a) the adequacy of the method to
assess the bioequivalence of topical dermatological drug
products, and (b) the reproducibility of the method between
laboratories. The first concern was based on the fact that the
DPK method measures penetration through healthy SC. For
drugs treating target sites other than the SC, it is possible that
the DPK method may not accurately reflect therapeutic
effectiveness if penetration through another pathway, such
as hair follicles, is important. Similarly, because skin barrier
function is perturbed in many dermatological diseases,
therapeutic effectiveness could be unrelated to penetration
through healthy SC. In light of this concern, the FDA has
chosen to restrict studies of the DPK method which began in
2003 (6,7) to drugs for which the SC is the site of activity (e.g.,
antifungals). The second concern was based on the contra-
dictory results of a comparison study, performed by two
expert laboratories (only one of these studies has been
published), of a reference product with a bio-inequivalent
product. The disagreement between these two studies has
been explained convincingly as differences in the control of
lateral spread from the application site (8–10), a problem that
can be managed by an improved protocol.

There are other practical problems associated with the
use of DPK when used as recommended in the 1998 FDA
protocol. These include: (a) the variability in the amount of
SC collected on each tape strip, (b) the associated variability
in the amount of drug that is discarded with the first two tape
strips, and (c) the variability in cleaning effectiveness. As a
result, in the only published study of topical dermatological
products that followed the FDA protocol, variability was
large, necessitating a large number of subjects to achieve
adequate statistical power (3). For three 0.025% tretinoin gel
products, drug levels were determined in nearly 1,200 sites
(three formulations at eight sites per formulation in 49
subjects), an amount of effort that clearly reduces the
potential advantage of DPK over a classic clinical trial.

The number of tests required for BE assessment using
DPK can be reduced by decreasing the number of determi-
nations per formulation as well as the measurement variabil-
ity so that fewer subjects would be required. The strategy of
reducing variability is the focus of an on-going study, which is
examining improved cleaning procedures, inclusion of drug
from the first two tape strips, and an increase in the number
of tape strips combined with a methodology to insure that
nearly all of the SC is collected. Here, we examine the
requirement of 8 treatment sites per formulation and the
AUC analysis for BE assessment.

There is no experimental evidence that reliable BE
assessment of topical products requires drug level determi-
nations in eight treatment sites measured at four uptake and
four clearance times. In fact, in several studies using tape-
strip sampling of the SC, meaningful comparisons between
formulations have been made using measurements collected
at only one time post-application, chosen so that steady-state
was not yet achieved (11–14) or at only one time post-
removal (15). While these studies differed from the FDA
protocol in that drug concentration was determined as a
function of position within the SC, they provide encouraging
evidence that a BE assessment might be possible with mea-
surements at fewer time points. Although never justified, the
recommendation for eight treatment sites was presumably
chosen to provide a sufficient number of time points for the
AUC analysis. This number of points is not needed to
determine Amax, which is often found in the treatment site
that is tape stripped immediately after the longest uptake time.

While the parallel with oral drug assessment is appealing,
there are important differences between topical and oral drug
delivery that are pertinent to the appropriateness of the
strategy of using AUC or Amax for evaluating topical BE. In
oral delivery, blood levels typically increase until the delivered
dose is exhausted (with the exception of some prolonged-
release formulations), after which the drug’s concentration
decreases as a result of metabolism and/or elimination. The
AUC and Amax are measures of total exposure and maximal
acute exposure, respectively, and both are affected by the
kinetics of drug uptake, distribution, metabolism and elimina-
tion. This is not the case for topical drug delivery to the skin.
Compared with oral delivery, the mechanisms of uptake and
elimination to the SC are simplified and nearly always
controlled by penetration across the skin, often through the
SC itself (16,17). Furthermore, only a small fraction of the
applied dose is delivered (often less than a few percent) (18).
Perhaps more important, in DPK, drug levels usually do not
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Fig. 1. Schematic diagram illustrating the DPK analysis of drug in the
SC sampled by the tape-stripping methodology recommended in the
1998 FDA guidance (2).
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decrease until the applied dose is removed. As a result, the
time course is influenced artificially by the time chosen to
remove excess drug from the skin.

In addition, the factors that control drug amount in the SC
during uptake and clearance phases are different. During
uptake, partitioning into and diffusion through the SC both
control whereas, during clearance, the mechanisms include
diffusion through the SC as well as partitioning from the SC to
the deeper skin tissues and, in some cases, binding within the
SC. A BE assessment should therefore examine both uptake
and clearance. However, Amax is a poor choice because it
primarily measures performance during uptake. Equally,
although AUC includes both uptake and clearance, the two
are usually weighted unequally and the relative weighting
depends on the chosen maximum application time. For
example, in the tretinoin study the clearance time was eight
times longer than the uptake time (3). Depending on the study
protocol, AUC could be dominated by either the uptake or the
clearance, making it poorly sensitive to differences in the other.

Also, because some drugs, designed to target the SC, are
relatively large (e.g., molecular weights between 350 to 450
for many antifungals), drug levels in the SC are low and the
uptake and clearance rates in skin are both slow. For
example, the slow dermatopharmacokinetics of econazole
mean that if sufficient time is allowed during the clearance
phase for drug levels in the SC to have changed significantly,
the absolute levels present approach the limits of detection of
the analytical method (6). If the treatment area is increased to
achieve adequate drug detection, then only six treatment sites
per arm (6,7) can be studied and it becomes impossible,
therefore, to develop an 8-point concentration–time curve to
compare two formulations unless the experiment is con-
ducted on two occasions separated by the time needed for
the skin to recover.

We therefore initiated an investigation into alternatives
to AUC or Amax in an attempt to identify more suitable
metrics for BE assessment of the rate and extent of drug
delivery to the skin, in particular for drugs that might absorb
or clear slowly. It was a further objective to find an approach
requiring fewer than eight treatment sites per formulation.
Three different strategies were considered: (a) comparisons
of drug levels at one uptake time and one clearance time; (b)
comparisons of drug levels at one uptake time and one
clearance time with each replicated at least twice; (c)
comparisons of drug levels summed from all uptake times
and also from all clearance times. The last strategy is similar
to AUC except that the drug levels from each measurement
are weighted equally rather than with respect to time. Also,
the second and third strategies would be the same if all
treatment sites are studied at the same uptake or clearance
times. Here we compare the results from the first and last
strategy to the AUC and Amax approach by reanalyzing the
published (3,4) DPK study of the tretinoin gel products.

MATERIALS AND METHODS

In the earlier investigation (3,4), applications of 4.4 μL cm−2

for each of three 0.025% tretinoin gel products (an applied dose
of 750 ng tretinoin cm−2 on an area of 1.13 cm2) were evaluated
by tape stripping the SC with D-Squame disks (1.33 cm2 area
from Cuderm Corp, Dallas, TX, USA) immediately after

cleaning the residual drug from the skin surface at four uptake
times (0.25, 0.5, 1 and 1.5 h), and at four clearance times (3, 6, 9
and 12 h) following the longest application time of 1.5 h. This
study deviated from the FDA protocol in that it was not evident
that steady state was achieved at or before the longest uptake
time. Tape strips were extracted and tretinoin and its isotretinoin
metabolite were individually quantified by HPLC with UV
detection (3,4). Determinations below the limit of reliable
quantification (4 ng ml−1 of extract or 3 ng cm−2 of skin) were
reported as zero (4). Consistent with the FDA guidelines,
retinoid on the first two tape strips was not included in the
total; this material was assumed to represent additional,
unabsorbed drug left after excess formulation was cleaned off
the skin at the end of the application period. The AUC
reported (3) was calculated for the time interval from zero to
the longest clearance time (13.5 h after drug was applied and
12 h after it was removed) using the trapezoidal rule (19); Amax

was the maximum observed drug amount during the uptake
phase (3). For two of the products, the maximum amount of
drug was observed during the clearance period in a few
subjects (e.g., total retinoid was largest for post-application
times of 4.5 h or larger for five and four subjects for products
identified later as A and C, respectively). The AUC and Amax

were determined for tretinoin, isotretinoin and the
combination of tretinoin and isotretinoin in each subject (3).
Statistical analyses were performed (3,4) for both AUC and
Amax using the criterion that drug products are BE if the 90%
confidence interval for the ratio of the population geometric
averages is contained completely within the 0.8 to 1.25 interval
using the 2, 1-sided t-test (20).

Using the numbers from the final report of the tretinoin
study to the FDA (4) for each subject at each time, we were
able to duplicate the original AUC and Amax results for
tretinoin, isotretinoin and the combination of tretinoin and
isotretinoin, except for a few minor differences. We then
calculated values for four alternative metrics: (a) the sum
of the drug amount from all four uptake times, (b) the sum of
the drug amount from all four clearance times, (c) the sum of
drug amount from all uptake and clearance times combined,
and (d) the amount of drug at each time point assessed
separately. The results are reported as the geometric mean
ratio (R) of the selected metric (Z) for the test and reference
drug formulations and the projected upper and lower 90%
confidence intervals for the population mean ratio (R90%,upper

and R90%,lower, respectively) calculated as follows (20):

R ¼ 10y R90%;upper ¼ 10 yþ�ð Þ R90%;lower ¼ 10 y��ð Þ ð1Þ

where y and δ are specified in Eqs. 2, 3 and 4:

y ¼ 1
n

Xn
i¼1

log Ztest
�
Zref

� �
i ð2Þ

� ¼ s � t0:05;n�1ffiffiffi
n

p ð3Þ

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

log Ztest
�
Zref

� �
i�y

� �2.
n� 1ð Þ

s
ð4Þ
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In these equations, n is the total number of subjects and t0.05,n−1
is the t-value of the two-tailed student distribution for a
probability of 0.1 and n−1 degrees of freedom. Because ratios
involving zeroes are problematic, the total number of subjects
considered for a given metric did not include subjects in which
the selected metric was zero for either Ztest or Zref.

A similar procedure was followed in calculating, for each
product, the population averages of the ratio of the amount of
drug in the SC after a clearance time t−to (At�to ), where to is
the longest uptake time, to the amount of drug in the SC after
no clearance time (Ato ), denoted as W, and the upper and
lower 90% confidence intervals for the population mean ratio
(W90%,upper and W90%,lower, respectively). That is,

W ¼ 10w W90%;upper ¼ 10 wþ�wð Þ W90%;lower ¼10 w��wð Þ ð5Þ

where w and δw are specified in Eqs. 6, 7 and 8

w ¼ 1
n

Xn
i¼1

log At�to=Atoð Þi ð6Þ

�w ¼ sw � t0:05;n�1ffiffiffi
n

p ð7Þ

sw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

log At�to=Atoð Þi�w
� �2.

n� 1ð Þ
s

ð8Þ

Thus, as specified by Eq. 6, the ratio ( At�to=Atoð Þj for a given
product is calculated within a subject and then averaged
across all subjects. Calculated values for the drug products
can then be compared with theoretical predictions of W (see
the Appendix) to derive estimates of the lag time for
penetration through the SC.

RESULTS AND DISCUSSION

Table I lists the mean values of AUC and Amax

calculated for tretinoin, isotretinoin and the combination of
tretinoin and isotretinoin for each of the three topical
products (4). As the ratio of the metabolite to the parent
compound logically increased with time after the formulation
was removed from the skin surface (3), it was decided that the
sum of tretinoin and isotretinoin would be the most sensible
quantity with which to represent the total amount of retinoid

in the SC. Figure 2 shows this total retinoid level in the
collected tapes as a function of time.

From comparative clinical studies with the reference
listed drug (product A), it is known that product C is
equivalent (3,21,22), while product B is less efficacious
(3,22). The AUC and Amax results for the total retinoid were
consistent with these clinical observations. However, Tmax in
the tretinoin gel study was equated with the longest uptake
time (see Fig. 1), and was therefore insensitive to the difference
between products. Similar observations have been reported for
Tmax in other dermatopharmacokinetic studies (9,23).

The results of the comparisons of drug levels summed
from all uptake times and from all clearance times are also
consistent with the clinical results (Fig. 3). Interestingly, the
difference between products B and A is greater during the
clearance phase than in the uptake phase. It is possible that
the clearance rate for product B was more rapid than from
products A or C, suggesting that a difference in diffusion,
rather than partitioning, is responsible for the observed
difference between formulations B and A. Another possible
explanation is that cleaning prior to the clearance phase was
more effective for product B compared to products A and C.
Whatever the mechanism, the results for product B illustrate
that the relative performance of a drug formulation during
uptake and clearance could be different. There is the
potential for a drug product to be assessed as BE based on
a metric that combines uptake and clearance, while assess-
ment based on metrics that evaluate uptake and clearance
separately would conclude that the products are different.

Figure 4 shows the ratios of the amounts of total retinoid
in the SC from products B and C relative to product A for each
time point. At the longer clearance times, there are number of
determinations below the limit of reliable quantification
(3 ng cm−2). At each clearance time, we included only those
subjects with measurable amounts of total retinoid [i.e., those
with an amount of either tretinoin or isotretinoin above the
limit of reliable quantification (LOQ)]. The actual number of
subjects included at each time point is indicated in Fig. 4.

It is possible that dropping subjects with measurements
below the LOQ may introduce bias in the ratios shown in
Fig. 4. To assess the magnitude of this bias, we redid our
calculations, using imputed values for the measurements
below LOQ. The results of this simulation did not differ in
any important way from those obtained by dropping the
subjects with measurements below the LOQ. Details of this
calculation are given in Appendix B.

When each time point was assessed separately (Fig. 4),
the results were again generally consistent with the clinical
findings. For measurements at a few times, however, the 90%
confidence interval of the ratio did not fall entirely within or
outside the 0.8 to 1.25 window. If the 0.8 to 1.25 window was
the accepted criterion for BE, then these points would be
classified as inconclusive (20). The largest variability was
observed in data from some of the uptake times. In general,
the variability of each time point was larger than the
variability in the combined time results shown in Fig. 3. Thus,
when several measurements from a single subject were
averaged, the variability was noticeably reduced. This sug-
gests that intrasubject variability, which is likely to be
dominated by the experimental variability, is a substantial
component of the overall variability.

Table I. Mean Untransformed AUC and Amax Results Calculated for
Tretinoin, Isotretinoin and Total Retinoid for the Three Topical

Products (n=49)

Parameter Product Tretinoin Isotretinoin
Total
Retinoid

Amax (ng/cm
2) A 115.4 55.1 168.2

B 74.9 41.1 114.5
C 118.2 58.2 173.4

AUCa (ng-h/cm2) A 437.3 306.6 743.9
B 216.8 164.6 381.4
C 449.4 327.2 776.6

aAUC was re-calculated using the trapezoidal rule.
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Sources of variability that were probably causes for the
inconclusive points in Fig. 4 include large inconsistency in the
total amount of skin stripped, and exclusion of the drug from
the first two tape strips in the drug total. With respect to skin

stripping, there is evidence from an earlier experiment that
the variation in the amount of skin collected is due to the
tape-stripping procedure itself, rather than to differences
between the subjects (20). In that study, the mass of SC was
determined on nine 1.3-cm diameter D-Squame disks applied
to four sites on each arm of three subjects (23). The average
amount of SC collected per cm2 was 199.2 μg with a
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Fig. 3. Bioequivalence assessment of topical 0.025% tretinoin gel
products B or C compared with product A using determinations of the
total amount of retinoid in human SC to calculate the log-transformed
ratios (mean and 90% confidence intervals) for: (a) the dermatophar-
macokinetic parameters AUC and Amax according to the 1998 Food and
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coefficient of variation of all sites in all subjects of 27.7%.
This coefficient of variation is not much larger than those
calculated separately for each subject (27.3%, 17.9%, 21.8%),
suggesting that the total variation (intersubject plus intrasubject)
is not much larger than the intrasubject variation alone. Also,
these same measurements indicate that a significant fraction of
the SC was not collected. If the thickness of the SC is esti-
mated as 10 μm and the density of SC is 1 g cm−3, then the
mass of the entire SC is 1,000 μg cm−2, which is five times
larger than the average amount of SC harvested on the nine D-
Squame disks. Although 12 D-Squame disks were applied in
the tretinoin study instead of nine, it is still unlikely that the SC
was completely removed.

Potentially, exclusion of drug from the first two tape
strips was the largest contributor to experimental variability
in the tretinoin gel study. This is because the concentration of
drug is largest in the outermost tape strips (even if all drug
present has been absorbed), and the amount of SC harvested
on the first two disks is variable. After drug has had time to
clear from the skin, a smaller fraction of all the drug in the SC
will be present in the first two tape strips. Thus, variability
arising from this factor should be greater for the uptake
determinations, which is consistent with the observations
shown in Fig. 4.

Although the amounts of drug in the SC changed over
time (see Fig. 2), the ratios of the test to reference
formulations were nearly constant, except between uptake
and clearance for formulation B (see Fig. 4). For both
products B and C, there is little difference in the ratios
between the four individual uptake times or between the four
individual clearance times. Also, the results from the individ-
ual times shown in Fig. 4 are consistent with the combined
uptake results and combined clearance results shown in
Fig. 3. Thus, BE during the clearance phase could have been
conclusively assessed from any one of the four clearance
determinations for product B, and from three of the four
clearance determinations for product C. Consistent with the
combined time results shown in Fig. 3, product B is nearly BE
during uptake, but clearly not BE when assessed during
clearance. Quite possibly, the BE assessment from any of the
time points would have been conclusive if the experimental
variability was reduced by protocol changes that ensured
most of the drug in the SC is collected. These would include
more complete harvesting of the SC, reliable cleaning of drug
from the skin surface (so that unabsorbed drug is not left
behind), and inclusion of the first two tape strips in the drug
total. Notably, because drug concentration in the SC varies
with position, knowing the amount of SC collected from each
site (e.g., by weighing the tapes or quantifying the amount of
protein on the tapes) is not sufficient to adjust the measured
drug amounts for differences in the amount of SC collected
when a significant amount of the drug has been left in the SC
after tape stripping is completed.

For the tretinoin gel study, it is difficult to justify the
eight different treatment times required for the AUC analysis
when the same conclusions for BE could be obtained from
measurements of drug levels at only one uptake and one
clearance time. Furthermore, comparisons of drug levels at
one uptake and one clearance time can discriminate differ-
ences in BE for clearance and uptake, which the AUC, as a
time-weighted average, might miss.

If BE assessment could be reliably evaluated with as few
as two treatment times, then the measurements at these times
can be replicated at least twice in each subject (7). Although
the number of treatment sites is the same whether measure-
ments are made at two different time points or two measure-
ments are made at the same time point, the latter strategy has
two practical advantages. First, volunteers are required to
make fewer return visits for sample collection. Second, the
intrasubject variability can be considerably reduced because
the amount of drug in the SC at each time point is
represented by the average of two measurements. The latter
advantage may be substantial, because, as discussed above,
the intrasubject variability is likely to be a substantial
component of the overall variability.

Time course determinations, at least during clearance,
could be used to derive additional information, such as lag
time for drug penetration through the SC, which is not
available from the AUC and Amax metrics. This idea has been
explored by mathematically modeling (as described in
Appendix A) how drug levels in the SC should vary with
time during the clearance phase for drug removed from the
skin at different times. The results of the modeling are shown
in Fig. 5. According to these calculations, the ratio (W) of the
amount of drug in the SC during clearance to the amount in
the SC at the time the drug was removed from the skin
surface (to) is insensitive to (to) as long as to is greater than
about 1.2 times the lag time (tlag) for diffusion across the SC.
Furthermore, the logarithm of W is linear and represented
reasonably well by the following expression:

log10 W ffi � t � toð Þ� 6tlag
� � ð9Þ

Significantly, 1.2 tlag is about half the time required to reach
steady state, which occurs at approximately 2.4 tlag (24). Based
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Fig. 5. Log of the calculated mass of drug in the SC at time t after
cleaning the skin surface at time to post application, normalized by
the mass of drug in the SC at to, plotted as a function of normalized
time after drug removal, i.e., (t − to)/(6 tlag). Curves are shown for
different values of the time at cleaning (to) normalized by tlag. The
logarithm of the drug mass ratio is linear with respect to (t −to)/(6 tlag)
and essentially insensitive to the cleaning time [i.e., to /(6 tlag)] as long
as to>∼1.2 tlag.
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on Eq. 9, the half-life for clearance occurs at (t1/2−to)≈1.8 tlag.
For to≤1.2 tlag, the half-life occurs at somewhat longer times and
W will be somewhat larger than estimates calculated from Eq. 9.

The results shown in Fig. 5 were derived assuming that
skin layers beneath the SC provide little resistance to clearance
and that the drug’s diffusivity and partition coefficient in the SC
do not change significantly over the time-course of the
experiment. For chemicals with octanol–water partition coef-
ficients greater than about 105, the skin layers beneath the SC
can limit mass transfer through the skin (25), and the
calculations shown in Fig. 5 need to be adjusted to include
this effect. Such calculations are not currently available.
However, based on prior work, we anticipate that the main
effect will be that the lag time estimated from clearance using
Eq. 9 could be as much as twice the lag time due to the SC
alone (25). Since uptake into the SC will be largely unaffected
by the mass transfer limits of the deeper skin layers for sample
times less than about 2.4 times the lag time due only to the SC,
it is possible that the uptake rates of highly lipophilic com-
pounds might seem to be larger than expected from the lag time
estimate determined from the clearance results. Detailed
calculations are needed to confirm that this is the case.

The mean values and 90% confidence intervals of the
logarithm of the clearance-to-uptake ratios (logW) are shown
in Fig. 6 for the three tretinoin gel products plotted as a
function of time since drug was removed. When examined
this way, it is evident that the slopes (i.e., −0.054, −0.047,
and −0.054 h−1 for products A, B and C, respectively) and
hence, the clearance rates, are essentially the same. These

values correspond to a lag time of 3–3.5 h, calculated by di-
viding the negative reciprocal of the slope [i.e., −Δt/Δ(logW)]
by 6 following Eq. 9. Based upon this lag time, we would
estimate that steady state might not be reached for almost 8 h
(i.e., 2.4 × tlag). This prediction disagrees with the results in
Fig. 2, which on average shows a decline in the amount of
drug even before the uptake period ended at 1.5 h. However,
because tretinoin is highly lipophilic (the logarithm of its
octanol-water partition coefficient is 6.30), it is possible that
one-half of the estimated lag time of 3–3.5 h (i.e., 1.5–1.75 h
or about 3 h to reach steady state) is more representative of
the uptake period. Other explanations are that uptake from
the gels slowed as the vehicle changed due to dehydration or
depletion of drug in the film directly contacting the skin. A
lag time of 3 to 3.5 h would correspond to a half-life for
clearance of 5.4 to 6.3 h, which is similar to the values (5.6, 9.4
and 5.7 h for products A, B and C, respectively) calculated
based on clearance rates by Pershing et al. (3) using a
different procedure than that described here.

It is interesting that the W-intercept at (t− to)=0 for all
three products are less than the predicted value of one (i.e.,
0.85, 0.44, and 0.76 for A, B and C, respectively). In part, this
may be due to bias introduced by dropping subjects with
measurements below the LOQ. Using imputed values for the
measurements below LOQ, as described in Appendix B, the
estimated amount of bias could increase the intercept values
by as much as 10–15%, which still would be insufficient to
adjust the W-intercept for product B to deviate insignificantly
from the predicted intercept of 1. An additional factor is that
the fraction of drug in the first two tape strips (which were
discarded) is larger at the end of the uptake period than
during clearance, and is highly variable.

If drug levels are determined at as few as one uptake
time and one clearance time, guidelines for judicious selection
of these times will be needed. Further mathematical simu-
lations of drug uptake and clearance similar to those
described in Appendix A would be useful for assessing the
sensitivity of the results to sample time choices, from which
criteria for suitable (or unsuitable) choices can be developed.
We expect that these criteria would be based on estimates of
a lag time derived from a pilot study, combined with the need
for detectable drug levels. Also, the chosen clearance time
needs to provide a reduced drug level compared to uptake. It
would be sensible to choose uptake and clearance times
based on the time between repeated applications specified for
normal prescribed use. Related to this, bioavailability and BE
of dermatological topical products might be more appropri-
ately assessed by measuring the total amount of drug in the
SC after repeated applications as prescribed for normal use
and then again after an appropriate clearance time.

CONCLUSIONS

The re-analysis of the tretinoin DPK data supports the
ability of a protocol using one uptake time and one clearance
time to assess BE reliably with far fewer analyses. This
streamlined scheme offers the significant advantage that drug
is measured from two rather than eight treatment sites. As a
result, there would normally be space on the treated forearms
to at least duplicate measurements, which has significant
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Fig. 6. Mean ratio (and 90% confidence intervals) of the amount of
total retinoid in the SC at a specified time after drug is removed to
the amount in the SC when drug is first removed plotted as a function
of time post drug removal. To clarify viewing of the error bars, the
data for products B and C have been plotted at the time of the
measurement plus or minus 0.3 h, respectively. Best fit lines through
the data are also shown; due to the time shift, the apparent W-
intercepts for products B and C differ slightly from the actual values.
While the number of subjects evaluated at each time point was 49, for
some times the ratio was calculated using less than 49 due to
insufficient analytical sensitivity preventing calculation of a meaning-
ful ratio. When less than 49, the actual number of measurements is
indicated by the integer adjacent to the data point.
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statistical advantages permitting a conclusive BE determina-
tion with fewer volunteers. The proposed scheme of assessing
BE using measurements at one uptake and one clearance
time would be most appropriate for dermatological formula-
tions, such as anti-fungal preparations, which absorb into and
penetrate through the SC slowly.

NOTATION

Ak Amount of drug in the SC at the start or after a period
of clearance, i.e., k= to or k=(t− to), respectively

Amax Maximum observed drug amount per area of
application during the uptake phase

AUC Area under the mass of drug collected on the tape
strips per area of drug application versus time curve for
the time interval from drug application to the longest
clearance time

BE Bioequivalence
~
C Drug concentration in the SC (C, given in units of mass

of drug per volume of SC) normalized by K·Cv, where
K is the SC-vehicle partition coefficient and Cv is the
drug concentration in the vehicle

~
C
� �

Normalized average concentration within the SC
DPK Dermatopharmacokinetic
L Thickness of the SC
m Counter for summation
n Number of volunteers included in calculation or

counter for summation
R Geometric mean ratio of the selected metric for the

test and reference drug formulations; R90%,upper and
R90%,lower are the upper and lower 90% confidence
intervals, respectively for the population mean ratio

s Population standard deviation for the log-transformed
ratio of the selected metric

sw Population standard deviation for the log-transformed
ratio of the drug level in tape strips collected during
clearance and at the end of drug uptake period

SC Stratum corneum
t Time since drug was applied
to Time when drug is cleaned from the skin surface
tlag Lag time for diffusion through the SC
w Arithmetic mean of the log-transformed ratio of the

drug level in tape strips collected during clearance and
at the end of the uptake period

W Geometric mean ratio of the drug level in tape strips
collected during clearance and at the end of drug
uptake period; W90%,lower and W90%,lower are the upper
and lower 90% confidence intervals, respectively for
the population mean ratio

x Position within the SC, x=0 at the surface of the SC
y Arithmetic mean of the log-transformed ratio of

the selected metric for the test and reference drug
formulations

Z Selected metric for assessing BE

Greek

δ Projected 90% confidence interval for the log-transformed
ratio of the selected metric

δw Projected 90% confidence interval for the log-transformed
ratio of the drug level in tape strips collected during
clearance and at the end of drug uptake period

ξ Position within the SC normalized with respect to the
thickness of the SC L

τ Time normalized by (6tlag); τo is to normalized by (6tlag)

ACKNOWLEDGEMENTS

We acknowledge support from the FDA. No endorse-
ment from the FDA or US government should be inferred.

APPENDIX

Appendix A

The concentration of drug at a given location within the
SC will vary with time relative to the lag time (tlag) during the
uptake and clearance periods as described by Eqs. 10 and 11,
respectively:

~
C ¼ 1� � � 2

P1
n¼1

sin n � �ð Þ
n � exp �n2�2�

� �
for t � to ð10Þ

~
C ¼ 2

X1
n¼0

1

12n
� 2

X1
m¼1

exp �m2�2�o
� �

m2�2 � 12n

 !
exp �12n � � �oð Þ� �

cos 1n�ð Þ;

1n ¼ 2nþ 1
2

� for t > to

ð11Þ

where to is the time at which drug is removed from the skin
surface. In these equations

~
C is the concentration in the SC

(C, with units of drug mass per volume of SC) normalized by
K·Cv, where K is the SC-vehicle partition coefficient and Cv

is the drug concentration in the vehicle. The relative
position (ξ) is the location x within the SC measured from
the skin surface normalized by the SC thickness L. The
dimensionless time (τ) is defined as the time since the drug
was applied to the skin normalized by 6·tlag [i.e., τ=(t/
(6·tlag)]; τo is the dimensionless time at which the drug is
removed from the skin surface [to/(6·tlag)], initiating the
clearance phase.

Equations 10 and 11 were developed assuming that: (1)
drug permeation in the SC can be treated as Fickian diffusion
with a constant diffusion coefficient in a pseudo-homogeneous
membrane of thickness L, (2) constant drug concentration in
the vehicle applied to the skin surface, and (3) sink conditions
(i.e., drug concentration is zero) at the inside boundary of the
SC. According to Eq. 10, at a given position within the SC, the
concentration will increase in time until steady state is
established, which will occur when τ is approximately 0.4 (i.e.,
at t≈2.4 × tlag). After this time, the concentration profile will be
linear (i.e.,

~
C =1– x/L) and will not vary in time unless the drug

concentration in the vehicle depletes or the drug is cleaned
from the skin surface.

The predicted average concentration of drug in the SC at
a given time can be derived by integrating the concentration
expressions represented by Eqs. 10 and 11 over the SC
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thickness. The resulting expressions for the average normal-
ized concentration

~
C
� �

during uptake and clearance are given
by Eqs. 12 and 13, respectively.

~
C
� � ¼ 1

2 � 4
�2

P1
n¼0

exp � 2nþ1ð Þ2�2�½ �
2nþ1ð Þ2 for t � to ð12Þ

~
C
� � ¼ 2

P1
n¼0

�1ð Þnexp �12n ���oð Þ½ �
1n

1
12n
� 2

P1
m¼1

exp �m2�2�½ �
m2�2�12n

	 

1n ¼ 2nþ1

2 � for t > to

ð13Þ

The ratio of the amount of drug in the SC normalized to
the amount in the SC when the drug was cleaned from the
skin surface is denoted by the symbol W. The ratio of the drug
amounts is also the ratio of the average concentrations. Thus,
the curves in Fig. 5 showing the variation in W with clearance
time (t− to) were derived by dividing the average drug
concentration in the SC (i.e.,

~
C
� �

calculated from Eq. 13 at
a given time (t) that is after drug was removed from the SC
surface), by the average drug concentration in the SC at the
time drug was removed (to) [(i.e.,

~
C
� �

calculated from Eq. 12
for τ= to/(6 tlag)].

Appendix B

For times at which some measurements were below the
LOQ (equal to 3 ng cm−2), the remaining measurements, on
the log scale, can be considered to come from a truncated
Gaussian distribution, with a truncation point of log (3 ng cm−2).
In order to impute values for the measurements below the
LOQ, we needed to estimate the mean and standard deviation
of the full distribution. We chose estimates so that the mean of
the truncated distribution matched the sample mean of the
measurements above the LOQ, and so that the area under
the tail of the curve to the left of log 3 matched the sample
proportion of subjects whose measurements were below the
LOQ. For each subject whose measurement was below the
LOQ, we then generated a random value from the tail of
the curve to the left of log 3.

After values were imputed for all subjects whose original
measurements were below the LOQ, we computed means
and confidence intervals as described above. Because the
imputed values are random, the means and confidence
intervals will differ when the process is repeated. To
determine how large this variation would be, we repeated
the process several times. The results were similar across
replications. For the ratios of the total amount of retinoid of
product B to product A and product C to product A (Fig. 4),
the results at t=13.5 h, for which the proportion of measure-
ments below LOQ was greatest, differed by 10–20% from
the values obtained when the values below LOQ were
dropped. Smaller differences were observed for other times.
For the ratios of the amount of total retinoid in the SC at a
specified time after the drug is removed compared with the
amount in the SC when the drug is first removed (Fig. 6),
the geometric mean ratios decreased by about 30% at 12 h
after removal, for which the proportion of measurements
below LOQ was greatest. Smaller decreases were observed
for earlier times.
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