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Abstract

In vitro transepidermal tritiated water flux measurements are frequently used to evaluate skin barrier integrity for quality control pur-
poses. However, research in this area to date has been largely based upon small-scale studies, each involving relatively few skin perme-
ation measurements. In order to enhance our understanding in this area, we have conducted a much larger scale retrospective statistical
analysis of tritiated water k, values. These values reflected the permeability of 2400 skin samples that were derived from 112 female vol-
unteers over a 4 year period. It was found that the population of tritiated water k, values constituted a positively skewed, non-Normal
distribution. Mean kj, was 2.04 x 1073 cm/h while the 95th percentile was 4.50 x 107> cm/h. Both values are higher than those reported
in previous smaller studies. Hence, our study indicates that previously suggested upper limits for tritiated water flux are too low and that
they be revised upwards to a value of 4.5 x 1072 cm/h. Analysis was also performed on smaller data subsets allowing inter-individual and
intra-individual comparisons. For intra-individual k,, variability, site-related differences yielded a non-Normal, positively skewed pattern
in most individuals. Inter-individual variability was Normally-distributed and showed scatter that was much smaller in magnitude.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Previous human skin studies have indicated that drug
permeability coefficient (k) distributions do not generally
follow a simple Normal configuration (i.e. symmetrical bell
shaped curve) but rather tend to follow other more complex
patterns. Evidence for this has been attained from both
in vitro (Williams et al., 1992; Cornwell and Barry, 1995)
and in vivo studies (Wenkers and Lippold, 1999). Further-
more, in vitro measurements of tritiated water flux through
human split-thickness epidermal and dermatomed skin
membranes suggested that these values were also distrib-
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uted in a non-Normal fashion (Roper et al., 2000; Fasano
et al., 2002). Such water flux measurements are frequently
used to evaluate barrier integrity so that any damaged tis-
sues can be eliminated from subsequent in vitro studies to
assess penetration and dermal delivery of drugs and chem-
icals. Hence, understanding how tritiated water flux values
vary with respect to different variables such as anatomic
site, patient age, different individuals etc is crucial within
this quality control context.

To shed more light on this issue, we have performed a
large scale retrospective statistical analysis of tritiated water
ky, values. These values reflected the permeability of 2400
skin samples that were excised from 112 female volunteers
over a 4 year period. Those skin penetration studies were
originally undertaken to assess barrier integrity for risk
assessment purposes. In the current retrospective study,
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statistical analysis was performed on the entire k, database
as well as on smaller subsets reflecting inter-individual and
intra-individual comparisons. The possibility of donor age
influencing barrier function was also investigated.

2. Materials and methods
2.1. Receipt and preparation of full-thickness skin

Full-thickness human skin samples were obtained from
112 Caucasian female patients (aged 19-68 years old) that
attended the Plastic Surgery Unit of St Johns Hospital
(Livingstone, Scotland UK) between 2002 and 2006. All
the skin samples were removed from the abdominal or
breast regions during the course of routine reduction sur-
gical procedures. Prior to the surgery, each patient gave
full informed consent for their skin to be taken for scien-
tific purposes. Moreover, the entire procedure was
approved by West Lothian NHS trust. In all cases, excised
skin samples were transferred on ice to the Charles River
Laboratories (Edinburgh, UK). Initially, the subcutaneous
fat and connective tissues were removed from each skin
sample by use of a scalpel blade. The skin was washed
in cold running water and dried using tissue paper. If nec-
essary, the samples were then cut into smaller pieces. The
samples were wrapped in aluminium foil, put into self
sealing plastic bags and stored at —20 °C until further
use or for a maximum period of 2 years. The age of the
donor and site from which the skin was taken were
documented.

2.2. Preparation of split-thickness skin membranes

The full-thickness skin samples were removed from fro-
zen storage and allowed to thaw at ambient temperature.
The thickness of these skins was measured with a microm-
eter. Split-thickness membranes were prepared by pinning
each section of full-thickness skin, stratum corneum upper-
most, onto a raised cork board. An electric dermatome
(Zimmer®, Swindon, UK) was used to section each skin
to a depth equivalent of 200-400 um. These membranes
were then laid out onto aluminium foil and the thickness
was measured using a micrometer to confirm the actual
thickness of the membranes cut. The split-thickness skin
membranes were then stored in a frozen state at ca
—20 °C for a duration not exceeding 1 month. This proce-
dure of using split-thickness human skin samples and
refreezing them followed current guidelines for regulatory
testing (OECD, 2004b).

Prior to their use in the permeation studies, the skin
membranes were removed from the freezer and allowed to
thaw to room temperature. The membranes were then cut
into sections of approximate dimensions 1.5cm x 1.5 cm.
The amount of skin obtained from each patient varied tre-
mendously. Indeed, the number of sections (1.5cm x
1.5 cm) derived per donor ranged from 1 to 74. Out of the
112 patients, a total of 2400 sections were harvested.

2.3. Diffusion cell equipment

The Scott-Dick diffusion cells and automated flow-
through system were manufactured at the University of
Newcastle (Newcastle, UK). Each diffusion cell had an
exposure area of 0.64 cm” and a receptor compartment vol-
ume of 0.25 ml. The diffusion cells were incorporated into a
steel manifold that was heated via a circulating water bath
so that skin surface temperatures were maintained at
32 £+ 1 °C. The cells were connected to multi-channel peri-
staltic pumps from their afferent ports with the receptor
fluid effluent dropping via fine bore tubing into scintillation
vials on a fraction collector. The peristaltic pumps were
adjusted to maintain a flow-rate of ca 1.5 ml/h.

2.4. Tritiated water permeability assessment

Each split-thickness skin section (ca 1.5cm x 1.5 cm)
was positioned onto the receptor chamber containing a
small magnetic stirring bar. The donor chamber was then
placed on to the skin and sealed with screws. The diffusion
cells were placed in the heated manifold and connected to
the peristaltic pump. The receptor fluid consisted of either
physiological saline, tissue culture medium containing
bovine serum albumin or polyoxyethylene glycol ether.
The precise composition was chosen subject to the lipophil-
icity of the test item. Therefore, the only variable not con-
trolled in this study was the choice of receptor fluid. Yet
OECD Guidance Document No. 28 (OECD, 2004b)
approves the use of all these receptor fluids as they fulfill
the stated criterion that ‘“barrier integrity of skin must
not be damaged”. Hence, we can be confident that the
receptor fluid variable did not affect tritiated water flux.
Solvent based receptor fluids, such as ethanol:water (1:1,
v/v) were not used for the tritiated water barrier test. How-
ever, in a limited number of studies, physiological saline
was used as the receptor fluid for the tritiated water test
and then the receptor fluid was changed to ethanol:water
(1:1, v/v) for the test item absorption test.

In all cases, the underside of the skin was continuously
stirred using a Telesystem HP15 device (Variomag®, Day-
tona Beach, FL). An equilibration period of ca 15 min was
allowed while receptor fluid was pumped through the
receptor chambers. The effluent was then collected for ca
30 min and retained as blank samples for use in the triti-
ated water permeability assessment. Subsequently, a single
250 pl aliquot of tritiated water (ca 0.045 pCi) was applied
to the skin surface.

Research in our labs over the years has shown that
steady state water flux is achieved extremely rapidly.
Steady state water flux values derived from a 2 h experi-
ment are identical to that derived from a 6 h experiment
(Simpson et al., 1998). Hence, fractions of receptor fluid
were collected hourly for 2 h. The samples were analysed
by addition of 10 ml of Aquasafe 500 or Quickzint scintil-
lation fluid (Zinsser Analytic, Maidenhead, UK) to each
scintillation vial. All samples were counted for 1 min
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together with representative blanks using a Packard 2100-
TR liquid scintillation analyser (Perkin—Elmer, Beacons-
field, UK) with automatic quench correction by external
standard. Representative blank sample values were sub-
tracted from sample count rates to give net dpm per sam-
ple. Prior to analysis, samples were allowed to stabilise
with regard to light and temperature.

2.5. Determination of k, values

Microsoft Excel software on an IBM-compatible com-
puter was employed in order to convert the measured activ-
ity levels into tritiated water amounts. Linear regression of
the gradient for each sample was calculated. The tritiated
water permeability coefficient was then calculated from
the rate of absorption and the applied dose. Since the aim
of this study was to investigate barrier function variability,
we did not seek to exclude data outliers. Nevertheless, out of
a total of 2400 tested skin sections, 10 sections were found to
exhibit a tritiated water kj, value >20 x 1073 cm/h. This was
larger than the mean value by approximately an order of
magnitude and probably represented samples that incurred
gross damage at some point before testing (e.g. on the
patient, during surgery, during transport, preparation, stor-
age or processing into the cells). These 10 extreme outliers
were removed from all subsequent data analysis.

2.6. Statistical analysis

The statistical tests were performed using IBM-compat-
ible software, specifically a Prism version 2 spreadsheet
(GraphPad Software, San Diego, CA). A suitable version
(Dallal and Wilkinson, 1986) of the well-established Kolm-
ogirov-Smirnov (KS) test (Lilliefors, 1967) for normality
was used to analyse the distribution of selected k,, dat-
abases. This test has been previously used to analyse the
variability of drug transport across both skin and synthetic
membranes (Khan et al., 2005; Frum et al., 2007a,b).
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For analysis of the entire database, all 2390 k,, values
were pooled together and subjected to the KS test.

For the analysis of inter-individual variability, it was
first necessary to calculate a mean (i.e. anatomic site-aver-
aged) k,, value for each of the 112 donor individuals. In
order to determine if age influenced skin barrier function,
these mean k,, values were initially plotted as a function
of the individual’s age and linear regression analysis was
undertaken. Subsequently, these 112 mean k,, values were
combined and subjected to the KS test.

For measurements of intra-individual variability, our
analysis was limited to those skin samples were a large
quantity of skin had been excised leading to at least 40 skin
sections (1.5 cm x 1.5 cm). This is because it is only permis-
sible to apply the KS test when the number of samples (n) is
at least 12. Yet the test remains weak as long as n is rela-
tively small. Hence, it was decided to select 40 as a minimal
sample size and this meant that intra-individual skin bar-
rier function could be assessed in 15 donors.

3. Results
3.1. Variability of the entire k, database

All 2390 k,, values were pooled together and plotted as a
frequency histogram. This is presented in Fig. 1 where the
frequency is simply the number of skin samples exhibiting
tritiated water k,, values in the class range indicated on the
x-axis. This gave a subjective visual representation of the
data distribution but of course it was necessary to deter-
mine the quantitative parameters. The mean tritiated water
k, was 2.041 x 107 cm/h with a standard deviation of
+1.614 x 10~ cm/h. This yielded a coefficient of variation
(CV) of 79.1%. Our mean value was somewhat higher than
those reported by others. For example, mean k, values of
1.55 x 1072 cm/h (Bronaugh et al., 1986), 1.5 x 107> cm/
h (Davies et al., 2004) and 1.6 x 10~ cm/h (Buist et al.,
2005) have been documented for in vitro water flux through
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Fig. 1. Frequency histogram of all k, values.
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human epidermis. The discrepancy is explainable by the
fact that the previous studies involved a relatively small
number of skin samples from which the researchers
excluded a relatively large fraction of high permeability
outliers thought to represent compromised membranes.
For example, Bronaugh et al. (1986) assigned a k, value
of 2.5x 102 cm/h as a cut-off between damaged and
undamaged membrane. In that study, out of a total of 49
epidermal membranes, 16 were omitted from the mean k,
calculation as their permeability exceeded the cut-off value.
Yet Fig. 1 shows that a value of 2.5 x 107 cm/h is well
within the distribution of our 2390 data points. The other
two studies (Davies et al., 2004; Buist et al., 2005) also
excluded high permeability measurements although they
did not report numerical details. Thus, over-exclusion of
high permeability &, values probably explains the slightly
(ca 24%) lower mean k,, values obtained by others.

In our present study, having determined the mean and
standard deviation of the tritiated water k,, values, a KS
test was performed in order to determine whether this data
were Normally-distributed. If the scatter of k,, values fol-
lowed a perfect Normal distribution, the KS distance
would be zero. Larger values of the KS distance corre-
spond to larger deviations from an ideal Normal distribu-
tion. By taking into account the KS distance and the
sample size, it was possible to calculate a specific P value.
This value was designed to answer the question: If the par-
ent population (n=o00) was really Normally-distributed,
what was the chance that our smaller sample (n = 2390)
would have a KS distance as large as or larger than
observed? Calculations showed that the KS distance was
0.168 and that P <0.0001, strongly indicated that the val-
ues were not Normally-distributed. This was visually
apparent from Fig. 1, where it was clear that there were
many highly permeable skin samples producing a “tail”
on the right hand side of the distribution. Importantly, a
similarly skewed distribution of tritiated water k, values
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was also reported by Fasano et al. (2002). In their study
using human epidermal membranes, a similar retrospective
assessment was made, albeit on a much smaller scale than
the present study.

3.2. Inter-individual variability in epidermal barrier function

Initially, each donor’s site-averaged k, value was plotted
as a function of that donor’s age. Crucially, it was deter-
mined that there was no correlation (+* = 0.081) between
age and tritiated water flux. This result fitted in with previ-
ous studies that also showed that ageing in adults had no
effect on in vitro skin barrier function (Fenske and Lober,
1986; Roskos et al., 1989; Oriba et al., 1996; Lawrence,
1997; Williams, 2003). However, a comprehensive consen-
sus on the effects of adult ageing on skin permeability has
still not been agreed upon (Waller and Maibach, 2005).

Having eliminated age as a confounding variable, all 112
body site-averaged donor k,, values were combined and
plotted as a frequency histogram (see Fig. 2). It was calcu-
lated that among all 112 donors, mean tritiated water k,
was 221 x 1073 c¢cm/h with a standard deviation of
+0.83 x 1072 cm/h. Hence, the CV was 37.6%. Statistical
analysis indicated that the KS distance was 0.107 and that
P>0.100 (when the calculated P value was greater than
0.1, the software did not give a precise value, but just stated
that this was the case). This means that inter-individual var-
iability in skin barrier function was Normally-distributed.

3.3. Intra-individual variability in skin barrier function

As explained previously, assessments of intra-individual
variability in skin permeability were limited to those 15
individual patients that had donated a sufficient quantity
of skin. The results of the statistical analysis performed
on each of these 15 donors (denoted A-O) are presented
in Table 1. Intra-individual variability, as quantified by
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Fig. 2. Frequency histogram of site-averaged k,, values amongst 112 donors.
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Table 1

Table of statistical parameters describing the tritiated water k, data for 15 donors

Donor (age) No. of skin samples Mean k, = SD (x 1073 cm/h) % CV KS distance P Passed Normality test
A (66y) 50 0.99 +0.67 67.6 0.196 0.043 No
B (22y) 47 1.78 £ 0.68 38.3 0.163 >0.100 Yes
C (68y) 42 1.54 +£1.79 115.7 0.261 0.006 No
D (39y) 58 1.27 £1.04 81.6 0.310 ~0.000 No
E (45y) 42 2.36 +£2.08 88.0 0.245 0.013 No
F (40y) 74 0.94 £0.70 75.3 0.206 0.004 No
G (38y) 41 2.33+0.91 39.2 0.171 >0.100 Yes
H (32y) 53 1.90 £1.19 62.7 0.193 0.039 No
I (39y) 55 1.34 £1.07 79.8 0.260 0.001 No
J (41y) 74 2.00 £ 1.16 58.2 0.161 0.043 No
K (58y) 57 1.28 £0.76 59.7 0.190 0.033 No
L (19y) 52 2.39 £ 1.60 66.8 0.244 0.004 No
M (33y) 56 1.44 £0.62 433 0.167 0.087 Yes
N (51y) 58 245+1.81 73.9 0.216 0.009 No
O (57y) 45 2.59 +£1.23 47.6 0.176 >0.100 Yes

CV, ranged between 38.3% and 115.7%. Notably, intra-
individual variability did not correlate with donor age
(* =0.20) or with the number of skin samples derived
from the donor (1> =0.001). KS tests showed that in 4
donors, skin barrier variability could be fitted to a Normal
distribution. In contrast, in 11 donors, epidermal barrier
variability could not be fitted to a Normal distribution.
This was generally due to excessive positive skewing i.e.
an excess of highly permeable skin samples causing “‘tail-
ing” on the right hand side of the frequency distribution.
Fig. 3 shows the k, histogram for a single donor (I), whose
skin permeability data was reasonably typical of the larger
group of 11 donors.

4. Discussion
4.1. Implications for skin barrier assessments

The use of human skin for percutaneous penetration
studies invariably involves storage, handling and technical

28 -
24 -
20 -
16 —

12 4

Frequency

preparation of the tissues prior to use. Hence, barrier
assessment tests such as tritiated water flux measurements
constitute a key quality control tool, applicable for both
regulatory testing or for academic purposes. The tests are
designed to identify any damaged tissue specimens. Any
such atypical samples can then be rejected prior to applica-
tion of the test item to the skin (OECD, 2004a). The find-
ings presented in this paper have the greatest relevance
within this context. Barrier integrity testing generally
involves pooling together the measurements of all the sam-
ples regardless of their anatomic site and donor origins. A
cut-off point is then assigned and samples exhibiting a test
permeability exceeding this limit are then rejected.

In the current study, human skin tritiated water k, data
were shown to be non-Normally distributed and skewed
towards the right hand side. Given the very large number
of samples involved (2390), the appreciable subset of mem-
branes in the “shoulder” and ‘“‘tail” were not necessarily
damaged per se but were probably genuinely part of the
distribution of intact human skin membranes. There are
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Fig. 3. Frequency histogram of site-dependent k;, values in a single, relatively typical donor (I).
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a couple ways of treating such a distribution in order to
derive a suitable cut-off value for quality control purposes.
One option is to designate a limit given by the “mean £ 3
times the standard error of the mean” rule (Lawrence,
1997). However, this method is statistically disallowed in
the case of non-Normal distributions. Another approach
is to simply designate the 95th percentile of the data as a
limit (Fasano et al., 2002). For our current study this
yielded a tritiated water k, cut-off value of exactly
4.50 x 1072 cm/h. From Fig. 1, it can be seen that this limit
seems intuitively reasonable as it excludes k,, values that are
located far into the “tail”, but not those merely within the
right hand “shoulder” of the distribution. The value of
4.50 x 10~* cm/h is appreciably higher than the previously
proposed limits of 1.5 x 1072 cm/h (Scott et al., 1987),
20x 102 cm/h (Van de Sandt et al, 2000) and
2.5 x 107* cm/h (Bronaugh et al., 1986). However, it is
more similar to that suggested most recently of
4.0 x 1072 cm/h (Buist et al., 2005). Again, this is explain-
able by the fact that previous studies involved much fewer
samples from which a substantial fraction were excluded as
highly permeable outliers. For risk assessment purposes, it
is important to remove samples that are damaged, but also
accept intact samples with high permeability since these
samples relate to the population that are most at risk to
absorption. Hence, the results of our large scale study indi-
cated that the previously suggested upper limits for triti-
ated water flux are probably too low and that they be
revised upwards to a figure nearer the 4.50 x 10 > cm/h
value.

From Fig. 1, it was observed that there were some skin
samples exhibiting k,, values within the 0-0.6 x 10~ cm/h
range. However, the majority of these were located towards
the higher end of this range. There were only 7 skin samples
that exhibited k,, values of 0.2 x 10~ cm/h or below, rep-
resenting less than 0.3% of the entire data set. There is neg-
ligible published data on such highly impermeable skin
samples, probably because of their relative scarcity and
reduced significance for risk assessment purposes. Skin
with a very low water k, would be considered to be from
donors who were at a lower risk to any adverse effects of
the test chemical as they have a better skin barrier function
allowing less of the test chemical through the skin. Addi-
tionally, unlike the right hand side of the distribution, there
was no significant ‘shouldering’ and ‘tailing’ effect on the
left hand side. Thus, there was no equivalent need to con-
sider imposing cut-off thresholds.

Since the entire k,, database is not Normally-distributed,
this leads to another important statistical consequence. Spe-
cifically, use of parametric tests such as the #-test to evaluate
significance assumes a Normally-distributed population. As
this was not the case for tritiated water k, values, then ide-
ally, nonparametric tests such as the Wilcoxan’s signed rank
test or the Mann-Whitney U-test must be used.

This study was confined to skins derived from only
female donors. Previous reports have indicated that skin
gender does not significantly influence both mean and stan-

dard deviation values of tritiated water flux (Bronaugh
et al., 1986; Lawrence, 1997). In general, the relevant liter-
ature seems to mostly ignore gender when assigning upper
tritiated water flux limits to skin samples. Despite this, it is
just conceivable that the data distributions may differ
somewhat between female and male skin. Hence, a study
similar to the current one but performed on male skin
would be necessary in order to eliminate this potential
caveat.

4.2. Inter-individual versus intra-individual variability

A further aim of this paper was to separate out inter-
subject variability from intra-subject variability in skin bar-
rier function. It was found that inter-individual differences
in skin barrier function (CV = 37.6%) were smaller than
intra-individual ie. regional site-dependent differences
(38.3% < CV < 115.7%). This seemed to contradict most
of the percutaneous absorption relationships documented
in the literature. For example, it was reported (Southwell
et al., 1984) that for various chemicals permeating human
epidermal membranes in vitro, inter-individual CV values
averaged ca 70% whilst intra-individual CV values aver-
aged ca 40%. More recently, fentanyl permeation across
full-thickness human skin in vitro was studied (Larsen
et al., 2003). Inter-individual differences were described as
‘extensive’ but intra-individual differences were ‘limited’.
Brown’s group (Akomeah et al., 2007) examined the
in vitro flux of caffeine, methyl paraben and butyl paraben
through human epidermal samples. It was determined that
inter-subject variability was greater than intra-subject var-
iability. Similarly, in vivo, inter-individual differences in the
percutaneous absorption of aromatic hydrocarbons were
much greater than intra-individual differences (VanRooij
et al., 1993). Another team (Pinnagoda et al. 1989) con-
ducted TEWL measurements on the forearms of 30 indi-
viduals at 8 different sites. Analysis of variance indicated
that inter-individual effects contributed to 84.5% of all var-
iability while anatomic site-related effects contributed to
only 15.5% of all variability.

There are several potential reasons explaining the dis-
crepancy between the results of the present study and those
of other studies. Water is a small molecule that interacts
with and accumulates within the stratum corneum, exten-
sively modifying its properties. Thus, it is quite different
to other larger molecules, such as caffeine, fentanyl, methyl
paraben, aromatic hydrocarbons etc. Indeed, it has already
been proposed that skin barrier variability is chemical-spe-
cific (Monteiro-Riviere, 1996). With respect to TEWL,
there is evidence that the extent of in vitro skin barrier
integrity differs significantly depending upon whether triti-
ated water flux or TEWL are used as probes (Heylings
et al., 2001; Chilcott et al., 2002). Furthermore, the present
study involved a large number of subjects (112) and skin
samples (2400) from which only 10 extreme sample outliers
were removed. This contrasts with the generally much
smaller sample sizes analysed by others where excluded
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outliers may have possibly represented a much larger frac-
tion of the data. This constitutes another potential con-
founding variable.

The inter-individual variability in tritiated water flux
could be easily fitted to a Normal distribution. To our
knowledge, this is the first time that this has been reported.
In contrast, intra-individual variability could not be fitted
to a Normal distribution in most cases (11 out of 15
donors) due to an excess of skin samples exhibiting a much
higher than average permeability. Again, all this has statis-
tical implications for the analysis of tritiated water data. If
the skin samples are harvested from different anatomical
regions of a single donor, -tests may be invalid. It would
first be necessary to determine whether the flux values
could be fitted to a Normal distribution. If not, nonpara-
metric tests would be required to analyse the data. Yet ¢-
tests would be valid for comparing site-averaged water flux
data between donors.

5. Conclusions

Our analysis of 2390 skin samples showed that tritiated
water k,, values were non-Normally distributed and exhib-
ited substantial positive skewing. The mean k, was
2.04 x 103 cm/h and the data’s 95th percentile was at
4.50 x 1072 cm/h. Both these values are appreciably higher
than figures derived from previous similar, but much smal-
ler, studies. Therefore, it is recommended that those using
such measurements as a quality control tool use a more
conservative cut-off value of 4.5 x 107> cm/h. As far as
intra-individual k,, variability, regional site-related differ-
ences yielded a skewed, non-Normal pattern in most indi-
viduals. In contrast, inter-individual variability was
Normally-distributed and showed scatter that was much
smaller in magnitude.
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