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Abstract

Background: Establishing the bioequivalence of topical
drug productsis a costly and time-consuming process since,
with few exceptions, clinical efficacy trials are required. Ob-
jective: To develop a surrogate for clinical bioequivalence
testing through evaluation of the kinetics of drug absorption
in vitro through excised human skin. Methods: The percuta-
neous absorption of seven approved generic topical drug
products was compared with their corresponding reference
products during preclinical development using the Franz
diffusion cell. Thereafter, following the conduct of bioequiv-
alence trials and regulatory approval of these products in
the United States, clinical data became available to which
the in vitro data were compared. Results: In six of the seven
cases the in vitro test:reference ratio for total absorption was
close to one and indicated that the products were equiva-
lent, in agreement with the clinical data. Results from the
seventh case, in which the test:reference ratio was only 0.63,
indicated that the in vitro model actually had greater sensi-
tivity than the clinical method to detect small differences
between products. Conclusion: These data demonstrate
the relevance and predictive power of the in vitro human
skin model and strongly support its use as a surrogate for in

vivo bioequivalence studies. Copyright © 2009 S. Karger AG, Basel

Introduction

In vitro:in vivo Correlation: Topical Delivery

Review of the literature of the past 40+ years reveals
the great extent to which our understanding of the fun-
damentals of percutaneous absorption depends upon a
simple, yet multifaceted, model system: the in vitro use of
excised animal or human skin mounted as a barrier be-
tween two glass chambers. For those who believe that
data obtained in vitro using human skin is an adequate
representation of living man, the model has become a
means to address important issues in clinical pharmacol-
ogy and toxicology. Is this belief warranted?

Historically, the methods used to evaluate percutane-
ous absorption in vitro typically segregate into two
groups: (a) infinite dose/steady state, in which the skin’s
outer surface faces a large amount of solvent containing
the compound under study, and (b) finite dose/non-
steady state, in which the skin surface faces more physi-
ological conditions and the applied dose is similar to that
used in a clinical setting.

Since the infinite dose technique is an inappropriate
model in most situations where relevance to living man
is desired, Franz set out to validate a finite dose technique
that sought to duplicate the conditions most applicable to
the use of topical products [1]. The key elements to this
approach were: (a) duplicate the essential physical param-
eters that significantly impact the absorption process
(temperature, humidity), and (b) duplicate clinical use
conditions as closely as possible (amount of product ap-
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Fig. 1. IVIV comparison of total absorption (% of applied dose)
for twelve organic compounds applied in an acetone vehicle. Line
represents theoretical one-to-one correlation. 4- to 10-fold differ-
ences between in vitro and in vivo were found for hippuric acid
(HA), nicotinic acid (NA), thiourea (Th), and caffeine (Caf). Re-
drawn from data of references [1, 2].

plied, use of occlusive or nonocclusive conditions, time of
wash or product removal). To realize this goal a new dif-
fusion cell system was created in which the epidermis is
left open to ambient laboratory conditions and the der-
mis is bathed by a suitable receptor solution, usually buff-
ered isotonic saline, maintained at 37°C. Thus, the in
vivo state in which both a temperature and water gradient
exist across the skin is replicated; the epidermal surface
is readily accessible for dose application, dose removal,
and/or surface wash.

In an attempt to validate the model, a study was con-
ducted in which the absorption of twelve organic com-
pounds was measured and the data compared with those
obtained in living man years earlier by Feldmann and
Maibach [2]. A comparison of the two data sets is pre-
sented in figure 1. For 8 of the 12 compounds in vitro:in
vivo (IVIV) correlation was reasonably good, but for the
other four compounds 4- to 10-fold differences in total
absorption were encountered.

Since this was a retrospective comparison of the in vi-
tro model to living man, not all of the critical variables
could be controlled (table 1) and it was hypothesized that
lack of correlation for all compounds might be due to dif-
ferences in the protocols rather than a failure of the mod-
el. To test this hypothesis, a follow-up study was conduct-

Excised Human Skin Permeation Model

Color version available online

ed in which new in vitro and in vivo data were obtained
on the four questionable compounds, and in which the
IVIV protocol differences of the first studies were now
harmonized [3]. Both sets of experiments were conducted
on abdominal skin using radiolabeled compounds, the
application sites were protected with a nonocclusive cov-
ering, and a skin wash was performed at 24 h. In addition,
collection of urine in vivo was not limited to 5 days, as
was the case in the prior study, but extended until back-
ground levels of radioactivity were approached. This was
done because several compounds in the original in vivo
study showed high levels of radioactivity in the 5th day’s
collection, suggesting incomplete systemic clearance.
Thus, whereas the in vitro study duration of 2 days was
sufficient to characterize the absorption of the com-
pounds into and through the skin, the in vivo study re-
quired extended urine collections to accommodate sys-
temic distribution, metabolism, and excretion. The re-
sults are presented in table 2.

Excellent agreement was noted between the two sets of
data and some of the reasons for the discrepancies in the
original IVIV comparison became apparent. Longer uri-
nary collection times were needed for thiourea and nico-
tinic acid and, in addition, it was discovered that an in-
correct urinary correction factor had been used for nico-
tinic acid in the original Feldmann and Maibach study
[seeref. 3]. Regional variation (forearm vs. abdomen) may
have accounted for some of the differences noted in the
earlier study, but it was also found that caffeine absorp-
tion was much greater in the second in vitro study than
the first even though the site was the same. As intersub-
ject variability can be large, and only small numbers of
donor skins were utilized, this may also have been a con-
tributing factor.

Two additional IVIV correlation studies were subse-
quently conducted to add to the body of data supporting
use of excised human skin as a valid surrogate for living
man: a study to examine the effect of vehicle on absorp-
tion [4], and a study of benzene absorption in man [5].

Good IVIV correlation was again seen (table 3). The
caffeine water gel turned out to be of particular interest,
because this was a vehicle with low caffeine bioavailabil-
ity, and it served to confirm the sensitivity of the model
at distinguishing between vehicles. Likewise, the mea-
surement of benzene absorption demonstrated the ability
of the model to quantify permeation of a volatile com-
pound from an un-occluded finite dose, which also close-
ly matched the in vivo results.

Collation of data from the four studies cited above
demonstrates that, for the twenty comparisons of differ-
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Table 1. Comparison of in vitro versus in vivo protocols, original versus harmonized

In vitro In vivo Revised in vitro ~ Revised in vivo
Franz [1] Feldmann and Maibach [2] Franz [3] Franz [3]
Site abdomen forearm abdomen abdomen
Vehicle acetone acetone acetone acetone
Dose 4-40 pg/cm® 4 pg/cm? 4 pg/cm? 4 pg/cm?
Protect site yes no yes yes
Skin wash no 24 h* 24h 24h
Collection time 2 days 5 days 2 days 7-21 days

* Subjects prohibited from washing for 24 h, but wash time otherwise unspecified. Numbers in brackets are
references from which the methods were taken.

ent compounds and vehicles examined in the excised hu-
man skin model, correlation with data from living man
was excellent (fig. 2). The overall mean IVIV ratio was
1.25. Not only does this data demonstrate the validity of
the in vitro model, it also points out the importance of a
harmonized protocol design.

In vitro:in vivo Correlation: Transdermal Delivery

Strong support for the relevance of the excised human
skin model can also be found in the field of transdermal
drug delivery where measurement of percutaneous ab-
sorption is a critical step in early development. If one as-
sumes that the steady state flux through skin in vitro is
equivalent to the rate of input to the systemic circulation
in vivo (analogous to a continuous intravenous infusion),
then the model can be used to assess the progress of for-
mulation development prior to clinical evaluation ac-
cording to the following equation [6]:

Jis X A=C, X Clg

where Ji; = steady-state flux through skin, A = area of
skin, Cgs = steady-state blood concentration, Clg = sys-
temic clearance.

Since the development of transdermal dosage forms
generally occurs subsequent to the development of other
dosage forms for a given drug, the therapeutic blood lev-
el (Cgs) and systemic clearance (Cl;) are already known,
and calculation of the target transdermal flux is straight-
forward.

The utility of this approach was initially shown by the
Alza Corporation during the development of the first
transdermal product, Transderm-Scop®, and led them to
conclude that .. in vitro accurately predicted the situa-
tion which pertains in vivo’ [7].
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Table 2. Total absorption from IVIV study conducted under har-
monized protocol

Compound In vitro* In vivo* Urine

(% dose) (% dose) (days)
Hippuric acid 1.25+0.25 (4) 1.0£0.16 (6) 3
Nicotinic acid 2.3+0.45 (4) 2.1+£0.40 (3) 21
Thiourea 46+1.03(5 3.7+065(4) 21
Caffeine 24.1£3.90(4) 22.1%£7.90 (4)

* Mean * SE (number of subjects or skin donors). Data from
Franz [3].

Table 3. Total absorption from two IVIV studies conducted under
a harmonized protocol

Compound Vehicle In vitro* In vivo*
(% of dose) (% of dose)
Testosterone petrolatum 39.4+1.2(20) 49.5%*5.8(3)
EG gel 23.7+20(5) 363+0.4 (4)
water gel 414+6.8(8) 49.2+4.7(4)
Caffeine petrolatum  40.6%+2.2(7) 40.6%6.1(5)
EG gel 322+73(6) 55.6%11.7 (4)
water gel 5.1%0.5(7) 4.0%+0.5(4)
Benzoic acid petrolatum  46.5+59(6) 60.6%+10.7 (4)
Benzene benzene 0.10£0.004 (9) 0.05%0.05 (4)

*Mean £ SE (number of subjects or skin donors). Data from

[4,5].

Other studies involving transdermal products also il-

lustrate the validity of the model. Both Hadgraft et al. [8]
and Rohr et al. [9] found excellent correlation between
data obtained in vitro with that of living man for nitro-
glycerin and estradiol, respectively. Especially informa-
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Fig. 2. IVIV comparison of total absorption (% of applied dose)
for twenty compound/vehicle combinations. Line represents the-
oretical one-to-one correlation. The in vitro:in vivo ratios ranged
from 0.52-2.59 with an overall mean of 1.25. Data from refer-
ences [1-5].

tive, due to the unusually large amount of data generated,
is the work reported by Venkateschwaran on the develop-
ment by TheraTech Inc. of transdermal testosterone (An-
droderm®) and estradiol (Alora®) [10]. When expressed
as average cumulative absorption, the rate of absorption
profiles obtained in vitro for both drugs were strikingly
similar to those obtained in vivo (fig. 3). Although the
data for estradiol showed divergence in absorption after
48 h, this difference was readily explainable by the condi-
tions of the experiment in which the area available for
diffusion in vitro was only 67% of the total patch area.
This led to a lower rate of drug depletion from the patch
in vitro than in vivo since part of the patch was not in
contact with the skin.

Utility for Bioequivalence

When all of these examples are taken together it is ap-
parent that a significant body of data exists in both the
topical and transdermal drug fields to support the prop-
osition that the use of excised human skin is a valid mod-
el by which to assess the bioavailability of various drugs
and other chemicals which come in contact with the skin.
The objective of the present work is to evaluate the utility
of the model in the field of bioequivalence. Is the model
sufficiently discriminating and does it have the requisite

Excised Human Skin Permeation Model

Fig. 3. Comparison of the rate of absorption of estradiol and tes-
tosterone from separate transdermal systems as measured in vitro
(M) in excised skin and in vivo (O) in human subjects. The in vivo
rate was determined by measuring drug loss from the patch. Re-
drawn from data of reference [10].

statistical power to justify its acceptance by regulatory
agencies as a surrogate for clinical testing?

To address these issues concerning the validity of the
excised human skin model, a study was conducted to
evaluate its suitability as a surrogate for clinical bioequiv-
alence testing. Specifically, the in vitro pharmacokinetics
of seven generic topical drug products was characterized
and compared with their corresponding reference prod-
ucts during preclinical development. Thereafter, follow-
ing the regulatory approval of these generic products in
the United States, clinical data from their bioequivalence
trials became available to which the in vitro data could be
compared. Of note, in five of the seven comparisons the
same lots of both test and reference products used in vivo
had been used in vitro.

Materials and Methods

Materials

Generic versions of the following products were studied and
compared to the reference listed drugs (RLD): tretinoin (Retin-
A®0.01% and 0.025% gel), alclometasone dipropionate (Aclovate®
0.05% cream and ointment), halobetasol propionate (Ultravate®
0.05% cream and ointment), and mometasone furoate (Elocon®
0.1% ointment). All generic and reference products were provided
by the sponsors.

Skin Pharmacol Physiol 2009;22:276-286 279



For the in vitro absorption studies with the tretinoin formula-
tions, radioactive drug (20-methyl-*H-all trans retinoic acid, spe-
cific activity 73.6 Ci/mmol, 4.0 mCi/ml in ethanol; New England
Nuclear Corporation, Boston, Mass., USA) was added to both the
generic and RLD formulations, mixed and allowed to equilibrate
at room temperature a minimum of two days to allow for further
diffusional mixing before the first experiment was initiated. All
procedures were conducted under yellow light to prevent photo-
degradation of the drug. Spiking with the *H-tretinoin led to an
immeasurable increase in drug content (approximately 1 ng ‘hot’
per 1,250 ng ‘cold’ for the 0.01% strength), and no more than a
0.5% change in vehicle content (1 mg ethanol per 200 mg gel).

Other materials used in the in vitro studies included *H,O
(New England Nuclear Corporation), which was diluted in dis-
tilled-deionized water to make a stock solution ~0.5 wCi/ml, Vol-
po-20 (Oleth-20, CAS No. 9004-98-2, Croda Inc., Parsippany,
N.J., USA), and Opti-Fluor scintillation fluid (Packard Instru-
ments Company, Downers Grove, I11., USA).

In vitro Absorption

Skin Preparation and Integrity

Percutaneous absorption was measured using the finite dose
technique [3]. Cryopreserved, dermatomed (0.5-0.9 mm) human
cadaver trunk skin was obtained from a skin bank and stored in
water-impermeable plastic bags at -70°C until used; generally
within ten months of the donor’s death, although the specimens
are certified to be viable for a period of 5 years.

Prior to the experiment, skin was removed from the bag,
placed in ~37°C water until thawed, and then cut into sections
large enough to fit on 0.8 cm? Franz Cells. The dermal chamber
was filled with phosphate-buffered isotonic saline (PBS), pH 7.4
* 0.1, and the epidermal chamber (chimney) left open to ambient
laboratory conditions. All cells were mounted in a diffusion ap-
paratus in which the dermal bathing solution was stirred mag-
netically at approximately 600 rpm and its temperature controlled
to maintain skin surface temperature at 32 = 0.5°C [11].

To assure barrier integrity of each skin section, its permeabil-
ity to tritiated water was determined before application of the test
products [12]. Following a brief (0.5-1 h) equilibrium period,
*H,0 was layered across the top of the skin by dropper so that the
entire exposed surface was covered (approximately 100-150 p.l).
After 5 min the *H,0 aqueous layer was removed and the skin
surface blotted dry. At 30 min after application the receptor solu-
tion was collected and analyzed for radioactive content by liquid
scintillation spectrometry. Skin specimens in which absorption
of H,0 was less than 1.25 pl-equ were considered acceptable.
Sections failing this criterion were either discarded or used as
non-dosed, blank analytical control chambers.

Percutaneous Absorption

Following the barrier integrity test the receptor solution was
changed in accord with the needs of the drug under study: (a)
tretinoin: pH 7.4 PBS + 0.5% Volpo-20, (a nonionic surfactant
used in the reservoir solution to increase solubility of poorly water
soluble compounds and to ensure sink conditions [13]), or (b) glu-
cocorticoids: pH 7.4 1:10 PBS. Prior to dosing with the test prod-
uct, the chimney was removed from the cell to allow full access to
the epidermal surface of the skin. All formulations were applied
using a positive displacement pipette set to deliver 5 wl and the
dose spread over the entire exposed surface with the Teflon tip of
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the pipette. 5-10 min after application the chimney portion of the
cell was replaced.

At preselected time intervals, the receptor solution was re-
moved in its entirety and replaced with fresh solution to maintain
sink conditions and an aliquot was taken for subsequent analysis.
The data were used to calculate both a rate of absorption for each
time period and total absorption for the entire 48-hour period of
the study. During the tretinoin studies, the lab was maintained in
total darkness or dim yellow light to duplicate the customary dos-
ing recommendations (apply nightly before retiring) and to min-
imize photodegradation of the drug.

All product comparisons were conducted side-by-side on skin
sections from the same donors. Three replicate sections from each
of 3 donors (n = 9) were used per product in the glucocorticoid
studies, and 3-4 replicate sections from each of 7 donors (n = 27,
0.025% gel) or 8 donors (n = 31, 0.01% gel) in the tretinoin studies.
The different sample sizes were determined by the different objec-
tives of the studies. The glucocorticoid studies were conducted as
a screening tool to select, from multiple lots of generic and RLD
product, the two that most closely matched and, therefore, the two
most likely to be proven bioequivalent in the pivotal clinical trial.
The tretinoin studies were designed to emulate a bioequivalence
trial and a greater number of donor skins were used to satisfy the
more rigorous statistical requirements of a pivotal trial.

Analytical Methods

All tretinoin samples were assayed by liquid scintillation spec-
trometry. One milliliter of receptor solution was mixed with 5.0
ml Opti-Fluor scintillation fluid and assayed for radioactive con-
tent using a Perkin-Elmer Tri-Carb Model 3100TR scintillation
spectrometer. Each sample was counted for a minimum of 5 min,
in duplicate. Counts per min (cpm) were automatically converted
to disintegration per min (DPM) using the external standard
quench correction method.

All five glucocorticoid drugs required concentration of the re-
ceptor solution prior to analysis due to the small amounts ab-
sorbed. A 4-mlaliquot of receptor solution was taken and vacuum
dried (Savant SpeedVac, Farmingdale, N.Y., USA), then redis-
solved in 0.1 ml high-performance liquid chromatography
(HPLC) solvent with vortexing and sonication.

HPLC was performed on a Hewlett-Packard 1090 Series HPLC
system with both UV diode array and atmospheric pressure ion-
ization - electrospray (API-ES) mass spectrometer detectors. All
methods utilized a C18 Luna™ column (4.6 X 100 mm, 3 pm,
Phenominex, Inc.) at a solvent flow rate of 0.5 ml/min. 20 pl of
sample was injected. Peak areas were quantified to concentration
using an external standard curve prepared from neat standard.
Differences in the HPLC method between the glucocorticoids
were in the eluting solvent used. Specifically, for halobetasol pro-
pionate the solvent consisted of 60% acetonitrile, 40% water, and
0.1% formic acid; for alclometasone dipropionate and mometa-
sone furoate the solvent consisted of 65% acetonitrile, 35% water,
and 0.1% formic acid.

Data Analysis and Statistics

The rate of absorption (ng/cm?/h) was determined by dividing
the amount absorbed in a given sampling interval by the length
of that interval in hours and adjusting for dosed area. The mean
at each sampling time was calculated by averaging the data from
all skin sections per formulation (glucocorticoids n = 9, 0.01%
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Table 4. IVIV comparison of five generic glucocorticoid products (test) versus the corresponding reference

products

In vitro absorption?, ng/cm?/48 h

In vivo VC assay?, negative AUEC_p4 1,

test reference  test/reference test reference test/reference
Alclometasone cream 4.52 4.39 1.03 18.5 16.8 1.10
Alclometasone ointment 66.95 70.0 0.96 16.0 17.4 0.92
Halobetasol cream 110.4 96.9° 1.14 33.1 30.7 1.08
Halobetasol ointment 246.7 256.3 0.96 28.6 28.5 1.00
Mometasone ointment 2134 338.7 0.63 13.7 12.3 1.11

2 Listed numbers are mean values.

b Average of 3 reference lots, none of which were used in the VC study. In all other comparisons identical
lots of test and reference products were used in both the in vivo and the in vitro studies.

tretinoin n = 31, 0.025% tretinoin n = 27) and the data are pre-
sented graphically without further analysis.

Total absorption (ng/cm?/48 h) into the dermal receptor solu-
tion was calculated from the sum of the drug content found in all
receptor samples (0 = 48 h) adjusted for dose area. Mean total
absorption (£ SEM) was calculated by averaging across all skin
sections for each formulation. Statistical analysis of the data was
conducted using the Student’s t test as well as two-way analysis of
variance (ANOVA), with additional post-hoc means comparisons
using Bonferroni and Tukey tests.

In the case of tretinoin statistical analysis was based on natu-
ral log-transformed data. The estimated error standard deviation
was used to compute the 90% confidence intervals for the ratios
of the means (Test/Ref) of the listed parameters.

Results

Glucocorticoids

A comparison of the results obtained in vitro with
those obtained in vivo is presented in table 4. The in vivo
data were provided by the sponsor of the clinical trials.
All five-test steroids had been shown to be bioequivalent
to the corresponding RLD by vasoconstrictor (VC) assay
conducted according to FDA Guidance [14]. The demon-
stration of bioequivalence was based on statistical anal-
ysis showing that the 90% confidence interval on the
test:reference ratio was within 0.80-1.25.

Dataindicating equivalence of test and reference prod-
ucts was also obtained in the in vitro permeation model
for 4 of the 5 glucocorticoids, where the test:reference ra-
tio approximated unity and no statistically significant
differences were identified by Student’s t test or ANOVA.
Only the mometasone furoate ointment formulation
failed to demonstrate a test:reference ratio close to one,

Excised Human Skin Permeation Model

despite the fact that there was no significant difference
between test and reference. However, the lack of statisti-
cal significance was likely a result of the small number of
skin sections evaluated (n = 9).

The in vitro determinations of equivalence that are ev-
ident based upon total absorption alone are further sup-
ported by examination of the rates of absorption (fig. 4).
The striking similarity of the rate profiles for each pair of
steroid products further serve to demonstrate the capabil-
ity of the in vitro model for bioequivalence testing.

Tretinoin

Two AB-rated (therapeutically equivalent) generic
tretinoin gels, 0.01% and 0.025% (Spear Pharmaceuti-
cals), were compared to the RLD (Retin-A® Gel, Johnson
& Johnson) in the in vitro skin model. Analogous to the
procedure used in oral bioequivalence studies, test and
reference products were compared with respect to three
primary endpoints: total absorption (AUC, ng/cm?),
maximum rate of absorption (J;.. ng/cm?/h), and time
of maximum rate of absorption (Tp.x h). In agreement
with the clinical efficacy data upon which regulatory ap-
proval was based, equivalence was also found in the in
vitro model (table 5). The confidence intervals for all
three primary endpoints were within the interval 0.80-
1.25 with 0.01% tretinoin and for two of three endpoints
with 0.025% tretinoin. The third endpoint (J,.,) barely
failed at 1.27.

The rate of absorption profiles for both sets of treti-
noin products are presented in figure 5. Comparison of
the two strengths with respect to both total absorption
and maximum rate of absorption reveal an increase in
magnitude proportionate to the 2.5-fold increase in drug

Skin Pharmacol Physiol 2009;22:276-286 281
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Fig. 4. In vitro percutaneous absorption of (a) Halobetasol propionate, and (b) alclometasone dipropionate.
B = Test cream, @ = reference cream; O = test ointment, O = reference ointment.

Table 5. In vitro comparison of the primary endpoints for test and
reference tretinoin gels

Test Reference Test/ref- 90% CI*
erence
0.01% tretinoin gel
AUC 3.00 297 1.02 97.06-107.46
Tomax 0.55 0.57 1.04 92.53-115.05
T nax 3.60 3.57 1.04 92.23-116.37
0.025% tretinoin gel®
AUC 349 347 1.03 95.14-110.45
Jmax 091 0.88 1.11 95.08-127.88
Tiax 3.66 3.72 0.98 97.26-99.52

290% ClIs for the ratios of the means (test/reference) of the
listed parameters.

b Lots of test and reference material used were identical to
those used in the clinical study.

concentration. The increase in maximum flux ranged
from 2.2 to 2.6 for both the test and reference product
pairs, and these differences between the 0.01 and 0.025%
strengths were found to be highly significant by Student’s
t test (p < 0.01). Thus, the in vitro model was capable of
not only demonstrating the equivalence of similar dosage
forms but also of demonstrating the nonequivalence of
dissimilar dosage forms.

282 Skin Pharmacol Physiol 2009;22:276-286

Discussion

Establishing the bioequivalence of topical drugs in the
United States is not a simple process since, in contrast to
oral medications, clinical efficacy trials are required for
many of these products. Although the Food, Drug and
Cosmetic Act and implementing regulations allow for
utilization of other in vitro and in vivo methods, to date,
only the vasoconstrictor assay for topical glucocorticoids
has been approved as a surrogate method [14].

Other promising methods for demonstrating the bio-
equivalence of topical products are available [15]. Two, in
particular, have been given consideration by the FDA as
potentially suitable surrogates for clinical tests: (1) an in
vivo dermatopharmacokinetic (DPK) method in which
drug levels in the stratum corneum are assessed through
the use of tape-stripping, and (2) an in vitro DPK method
in which the rate and extent of permeation through ex
vivo human skin is measured.

The first method was based on the fact that the stra-
tum corneum is the compartment through which drugs
must pass to move from the skin surface to their site of
action in the deeper layers of the skin. Therefore, analysis
of the kinetics of drug entry and exit from this compart-
ment could be used to assess bioequivalence, a situation
analogous to the use of the blood stream to assess the bio-
equivalence of oral drugs. A draft guidance on the meth-

Franz/Lehman/Raney
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Fig. 5. Rate of absorption of tretinoin from both the 0.01% (M) and 0.025% (O) test and reference gels. Error

bars represent = SE.

od was issued by the FDA in 1998, but later withdrawn
when a validation study conducted at two indepen-
dent laboratories produced contradictory results [16-18].
Newer work, however, has further characterized the
method and should stimulate regulatory re-evaluation,
particularly for topical antifungal drugs in which the site
of action is the stratum corneum itself [19].

An in vitro DPK method using human skin was actu-
ally considered by FDA much earlier than the in vivo
DPK method [11]. However, the lack of a sufficient body
of compelling data at that time stopped further consider-
ation, a situation that has now changed. New data pre-
sented in this report offer substantial evidence to support
the belief that the in vitro assessment of pharmacokinet-
ics in excised human skin is a viable alternative to clinical
testing.

In vitro versus in vivo Results

Seven generic drug products were evaluated during
their preclinical development and active pharmaceutical
ingredient (API) absorption from both test and reference
products compared side-by-side in the excised skin mod-
el. The test products were later evaluated by clinical trial
or VC assay where they were each shown to be bioequiv-
alent to the RLD and subsequently approved by the FDA
based on the clinical outcome as well as chemistry and
manufacturing considerations. The in vitro data were
never submitted because they currently have no regula-
tory status in the US. However, in agreement with the
clinical data, the in vitro bioavailability of the test prod-
ucts were found to closely approximate that of the refer-
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ence products in six of seven cases, with test:reference
ratios ranging from 0.96 to 1.14. The glucocorticoid prod-
uct, mometasone furoate ointment, was the sole excep-
tion where the test:reference ratio was observed to be
0.63.

The explanation for this single discrepancy between
the in vitro and clinical data appears to be a result of the
greater sensitivity of the in vitro method to detect differ-
ences between products, rather than a failure of the in
vitro method. Evidence to support this conclusion can be
seen in table 4 and figure 4. Examination of the data sets
for alclometasone dipropionate 0.05% cream versus oint-
ment reveal a striking disparity between the clinical data
and the in vitro data. Although either method can dem-
onstrate equivalence of the test and reference products,
the VCassay cannot distinguish between cream and oint-
ment (both formulations give similar area under the ef-
fect curve results). In this study, they appear to be of ap-
proximately equal potency, in keeping with historical
data in which both are classified as group VI in the po-
tency ranking scale of Stoughton [20]. In spite of this, to-
tal API absorption was found to be 15-fold greater from
the ointment than the cream product. Though compari-
son of permeation data from the cream and ointment
products is problematic because the data were not ob-
tained from the same donors in head-to-head studies, the
difference is so large as to be beyond question. The valid-
ity of the comparison is also borne out by results obtained
from a single donor skin that, by chance, was common to
both cream and ointment studies. For this one donor,
there was a >25-fold difference.
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Table 6. Comparison of vasoconstrictor potency of betametha-
sone valerate foam and lotion by VC assay at eight dose durations
(mean negative AUEC * SE)

Dose duration, h Foam Lotion

0.25 23.7%x4.4 22.7+4.1
0.5 20.3%4.5 21.6%x4.5
0.75 254%39 28.1%£35
1.0 20.8+3.9 28.2+39
1.5 22.8%t4.2 28.8+4.2
2.0 273147 30.8+4.7
4.0 27.0%x5.1 342+45
6.0 29.4%49 32.0£3.8

An even more striking example of the superiority of
the excised skin model over the VC assay comes from a
previously published study involving a comparison of be-
tamethasone valerate foam and lotion. By clinical trial
the efficacy of the foam product was found to be 50%
greater than the lotion in the treatment of scalp psoriasis,
and this was supported by permeation data that demon-
strated a 3-fold greater rate of absorption from the foam
formulation [21]. In spite of this, as can be noted in ta-
ble 6, the VC assay was unable to demonstrate the greater
potency of the foam product [22].

Although the in vitro glucocorticoid studies were con-
ducted for screening purposes, i.e. to select the test and
reference lots whose in vitro bioavailability most closely
matched, they were not statistically powered to meet bio-
equivalence standards. Therefore, calculation of confi-
dence intervals was not done. Nonetheless, as few as 3
donors with three replicates per donor for each formula-
tion were sufficient to demonstrate similarity or dissimi-
larity between the test and reference lots. To allow for
increased power for confidence interval determinations,
it is only a matter of a modest increase in the number of
donors and replicates tested.

In contrast, the design of the tretinoin studies was
guided specifically by the need to match FDA bioequiva-
lence standards, the intent being to use the data to seek a
waiver for the lower strength tretinoin gel following ap-
proval of the higher strength gel on the basis of a clinical
efficacy study. The results indicate that the in vitro mod-
el is capable of successfully achieving the rigorous statis-
tical requirements of the FDA with a reasonable number
of skin sections. The protocol required each product
comparison to be run on skin from eight donors with
four replicate determinations per product per donor (n =
8 donors:32 skin sections). Based on the tritiated water
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barrier integrity test, an unusually high rejection rate of
skin sections from some donors was encountered and the
final numbers fell below the target number (0.01% gel =
8:31, 0.025% gel = 7:27). In spite of this the 90% confi-
dence interval fell within the required interval 0.80-1.25
for all three primary endpoints with 0.01% tretinoin gel
and for two of three primary endpoints with 0.025% tret-
inoin gel, with the third endpoint (J,,,x) being very close
(1.27).

In addition to being able to demonstrate the bioequiv-
alence of two products that are known to be bioequiva-
lent, an important prerequisite for the establishment of
any surrogate test is that it has the sensitivity to differen-
tiate between two products that are known not to be bio-
equivalent. The tretinoin study presented a unique op-
portunity to probe this requirement since both tretinoin
strengths were compared side-by-side on the same donor
skins. The finding of statistically significant differences
in total absorption and maximum rate of absorption be-
tween the 0.01 and 0.025% gels for both the test and refer-
ence products confirmed the sensitivity of the in vitro
model. This is a critically important observation since
there is not a more important test of the discriminatory
capacity of any model than that of differentiating be-
tween changes in the concentration of the API itself.

Methodological Issues

Widespread use of the excised skin model by industry
and academic scientists alike implies a high level of ac-
ceptance of its relevance and validity, yet doubts still per-
sist regarding its general applicability as well as the accu-
racy and precision of the model. Given the lack of circula-
tion, glandular secretion, and metabolic activity (in most
cases), justifiable questions can be raised as to whether
the model is always a perfect mimic of the in vivo state.

Apropos to the present work are the issues of skin
preparation and receptor solution composition, due to
the low water solubility of the test drugs studied. There is
general recognition of the fact that the use of full-thick-
ness skin and a simple isotonic saline receptor solution
will result in erroneously low absorption values when
dealing with highly water insoluble compounds. In this
study dermatomed skin was used to reduce the thickness
of aqueous dermal compartment and, in the case of tret-
inoin, 0.5% Volpo-20 was added to the receptor solution
to increase its solubility from <0.1 to 40 png/ml. However,
the adequacy of this approach has not been critically eval-
uated. Some believe that preparations of isolated epider-
mis may be better than dermatomed skin at replicating
the in vivo state, and there are data to suggest that the use
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of Volpo-20 may fall short with highly water insoluble
compounds [13, 23, 24].

Nevertheless, it is unlikely that either solubility or der-
mal thickness issues adversely affected the results of the
present study. Although total absorption of alclometa-
sone from the cream product approximated only 0.2% of
the dose, this low value could not have been limited by
the method employed as total absorption from the oint-
ment product was 2.8% of the dose. The latter value is
remarkably similar to that given in the Physicians’ Desk
Reference (PDR) for alclometasone absorption in vivo in
normal subjects, 3% following an 8-hour application [25].
No in vivo data were given for the alclometasone cream
product.

Likewise, none of the in vivo values given in the PDR
for the other three steroids studied were sufficiently
greater than those found in vitro as to raise concern over
the adequacy of in vitro method. Halobetasol absorption
in vitro ranged from 4.4-10% of the dose for the cream
and ointment, respectively; and <6% absorption was
found in vivo for both products. Total absorption of mo-
metasone was 4.3-6.8% of the dose in vitro and 0.7% of
the dose in vivo after 8 h of contact. The lower value
found in vivo may have been caused by the short contact
time with the skin. It would appear that a distinction may
have to be made between poorly water-soluble com-
pounds, as used in this study, and highly water-insoluble
compounds, as used in the studies cited above where dif-
ferences between in vitro and in vivo results were noted.

Conclusions

Historically, the in vitro finite dose model using ex-
cised human skin has proven to be a remarkably accurate
representation of living man for assessing topical phar-
macokinetics. When IVIV studies utilize a harmonized
protocol, results obtained in our laboratory demonstrate
excellent concordance between in vitro and in vivo data.
A comparison of the pharmacokinetics of seven approved
generic topical drug products with the corresponding
RLD has confirmed that the results obtained in the in
vitro human skin model are in agreement with the clini-
cal results that were the basis for the regulatory designa-
tion of therapeutically equivalent. In one instance the
greater sensitivity of the in vitro method versus the phar-
macodynamic clinical method (VC assay) was clearly ev-
ident. These new results, taken collectively with those
previously published in both the topical and transdermal
fields of research, present a consistent picture of a method
in which absorption data can be obtained that accurately
replicate the living state. We believe that a compelling
argument can now be advanced to support use of the in
vitro human skin model, when used in a good laboratory
practices-based environment, as a surrogate for more
expensive and time-consuming in vivo bioequivalence
studies.
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