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a b s t r a c t

Transepidermal water loss (TEWL) is a measure of the steady-state water vapour flux crossing the skin
to the external environment and it has been used extensively to characterise skin barrier function. We
have previously hypothesised that in vivo TEWL is directly related to the reciprocal of the diffusional
permeation pathlength through the stratum corneum (SC). The aim of the present paper is to validate
experimentally this hypothesis. Ninety volunteers were recruited and TEWL and corneocyte surface areas
were measured for six anatomic sites. The number of cell layers in the SC was calculated for each anatomic
eywords:
kin
tratum corneum
orneocyte size
ransepidermal water loss

site in order to estimate the geometric pathlength for water efflux. Significant anatomic site variability
was found for both TEWL and corneocyte surface area which were inversely correlated. A direct reciprocal
relationship between TEWL and pathlength was determined, with TEWL values tending to zero when
corneocytes are infinitely large. In general, skin sites with smaller corneocytes have fewer cell layers, with
shorter permeation pathlengths and higher TEWL values. The results confirm our previous hypothesis

ay be
athlength and suggest that TEWL m

. Introduction

The barrier properties of the skin reside, primarily, in the outer
5 �m of the epidermis, the stratum corneum (SC) (Landmann,
988). Despite its barrier function, there is constant evaporation of
ater, mostly from the underlying tissues, and also from the sweat

lands, through the SC to the outside environment. Low tempera-
ures, high relative humidity and lack of air across the skin decrease
he rate of evaporation, but even under these conditions, water can
till be lost by slow diffusion through the entire SC (Blank, 1952).
ransepidermal water loss (TEWL) corresponds to the steady-state
ater vapour flux density permeating the SC to the exterior. TEWL
easurements are routinely used in the pharmaceutical and cos-
etic industries to provide information on the skin response to

rritation (Cua et al., 1990; Heylings et al., 2003). Recent advances
n instrumentation design have also led to the application of TEWL
o characterise barrier properties of human skin both in vitro and
n vivo (Imhof et al., 2009).

The predominant pathway for water and drug permeation
hrough the skin is considered to be the intercellular route, i.e.
hrough the rigid bilayers of lipids in which the individual cor-

eocytes of the SC are embedded (Albery and Hadgraft, 1979).
ariation in permeability characteristics with anatomic site has
een reported by a number of authors (Rougier et al., 1986; Wester
nd Maibach, 1992). Rougier et al. (1988) have further observed that
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E-mail address: majella.lane@btinternet.com (M.E. Lane).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.09.044
used to characterise the permeation routes for different anatomic sites.
© 2009 Elsevier B.V. All rights reserved.

anatomic sites with relatively higher permeability are associated
with smaller corneocyte sizes. TEWL values for the sites studied by
these workers also followed an inverse trend with corneocyte size,
i.e. higher TEWL values were recorded for the more permeable sites
which had smaller corneocytes.

Skin turnover and corneocyte size is a function of the proteases
and protease inhibitors responsible for normal skin desquamation
which occurs every 14 days (Cork et al., 2009). Higher protease
activities should result in a shorter period for cell proliferation and
thus fewer mature corneocytes might be expected in sites with
higher permeability. Voegeli et al. (2007) reported higher SC serine
protease activities in the cheek relative to the forearm in line with
the smaller corneocytes and thinner, more permeable skin in the
facial area when compared with the forearm.

The actual diffusional pathlength for a molecule through the SC
will be a function for both the number of cell layers and the cor-
neocyte size at a particular skin site. If the number of skin layers
and corneocyte sizes for various anatomic sites are known it is pos-
sible to calculate the permeation pathlength at specific anatomic
sites (Hadgraft and Lane, 2009). Assuming that water flux through
the skin may be described by Fick’s first law we hypothesised that
there should be a direct reciprocal relationship between the per-
meation pathlength and respective TEWL values for anatomic sites.
The aim of the present study is to test this hypothesis. TEWL and

CS datasets are reported for six anatomic sites from a much larger
pool of volunteers than previously studied. The distribution of the
data is assessed for normality and the relationship between the
two datasets is investigated. The significance of the findings for
topical and transdermal delivery is discussed. The implications of

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:majella.lane@btinternet.com
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Table 1
Number, age, gender and ethnicity of study subjects.

Group Number of volunteers Age Gender Ethnicity

I 19 20–30 Female Caucasian
II 15 20–30 Female Asian
III 19 20–30 Male Caucasian
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preparation of the skin prior to use and therefore the observed non-
IV 9 50–60 Male Caucasian

rotease activity for variation in skin permeability are also consid-
red.

. Materials and methods

.1. Study group

Studies were performed on 90 volunteers, males and females,
ged 20–60 years, Caucasians and Asians, with no history of der-
atological disease. The research protocol was approved by the

amden and Islington Community Local Research Ethics Commit-
ee (06/Q0511/26). Other than daily washing, the anatomic sites
eceived no self-administered application of any topical product
uch as lotions, creams or emollients over the 24 h period prior to
he study. Volunteers were divided into four groups on the basis of
ge, gender and ethnicity (Table 1). Six anatomic sites were stud-
ed: ventral wrist, ventral mid forearm close to the ventral wrist
FA1), ventral mid forearm close to the ventral elbow (FA2), ventral
lbow, forehead and abdomen.

.2. Measurement of corneocyte surface area

Corneocytes were collected by tape-stripping the skin with
cotch TapeTM (3M) as reported previously (Choi et al., 2003). The
apes were flushed with HPLC-grade hexane followed by sonica-
ion of the suspension for 15 min to break up desmosomes and lipid
ohesion between individual corneocytes. A droplet of this suspen-
ion was observed using light microscopy (Nikon microscope, 20×
agnification) and corneocytes were photographed. Corneocyte

urface area (A) was measured using ImageJ® software (NIH-Image,
SA) and a mean value was calculated from 20 measured corneo-
ytes for each anatomic site.

.3. TEWL

Volunteers remained physically inactive for 15 min for acclima-
isation prior to measurement at ambient conditions (21 ◦C, 45%
elative humidity). TEWL was measured with a closed chamber
evice (Aqua FluxTM, Biox Ltd., UK). Measurements (expressed in
/m2/h) were performed in triplicate at each site for 3 min and Aqua
lux® V6.0 software was used for data analysis.

.4. Data analysis

The software package SPSS 17® (SPSS Ltd, Chicago, USA) was
sed for all statistical analyses. Normality assessment was per-
ormed using the Kolmogorov–Smirnov test. A one-way between

roup analysis of variance (ANOVA) with a post hoc test was used
o compare the different anatomic sites. A probability of p < 0.05
as considered statistically significant.
Fig. 1. (a) Corneocyte surface area (A) and (b) TEWL for the wrist with corresponding
Gaussian probability density function (p > 0.05, n = 88).

3. Results and discussion

3.1. Frequency distribution of corneocyte surface area and TEWL
data

The data for corneocyte surface area (A) and TEWL followed a
normal distribution for all anatomic sites. Fig. 1a and b illustrates
representative data for the TEWL and corneocyte size measure-
ments for the wrist.

The TEWL results appear to contradict previous in vitro
(Williams et al., 1992; Meidan and Roper, 2008) and in vivo
(Wenkers and Lippold, 1999) studies which reported log-normal
distributions for drug permeation and tritiated water permeabil-
ity. In vitro studies generally involve storage, handling and technical
Gaussian distribution associated with such data may be artefactual
as observed by Williams et al. (1992). The in vivo study sampled
only 24 volunteers in contrast to the 90 volunteers in this study
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Table 2
Corneocyte surface area (A, �m2) for different anatomic sites.

A (�m2) (Mean ± SD)

Wrist (n = 88) 901 ± 85
FA1 (n = 88) 1095 ± 118
FA2 (n = 88) 1130 ± 107
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Table 3
TEWL values for each anatomic site.

TEWL (g/m2/h) (Mean ± SD)

Wrist (n = 90) 19.8 ± 4.5
FA1 (n = 90) 13.0 ± 2.9
FA2 (n = 90) 12.5 ± 2.5
Elbow (n = 90) 13.1 ± 2.8
Forehead (n = 84) 25.9 ± 6.4
Abdomen (n = 59) 12.0 ± 3.0
Elbow (n = 88) 1106 ± 97
Forehead (n = 85) 825 ± 76
Abdomen (n = 59) 1236 ± 95

nd it is possible that this small sample size accounts for the skewed
istribution of data reported. Because the data followed a normal
istribution parametric tests and arithmetic means were used for
ubsequent data analyses.

.2. Corneocyte surface area

For the six anatomic sites studied corneocyte surface area
A) ranged from 825 ± 76 �m2 (forehead) to 1236 ± 95 �m2

abdomen). Table 2 shows the mean values for each anatomic site,
s well as the standard deviations.

A one-way between-groups ANOVA confirmed that there was
statistically significant difference (p < 0.05) when testing for the

nfluence of anatomic site on corneocyte size. Post hoc compar-
sons using the Tukey HSD test indicated that corneocytes in the
orehead were significantly smaller than for all other anatomic
ites, followed by the wrist, for which corneocytes were also
ignificantly smaller than the remaining sites studied. FA1, FA2
nd elbow showed no significant differences. Abdominal corneo-
ytes were significantly larger than those from other anatomic
ites. Corneocyte size can therefore be ranked as follows: fore-
ead < wrist < FA1 = FA2 = elbow < abdomen. These differences are
learly illustrated in Fig. 2.

These findings are in line with those of Plewig and Marples

1970) and Rougier et al. (1988) who observed smaller corneocytes
n facial areas relative to the forearm and abdomen. When com-
aring different races, ages and gender, no significant differences
p > 0.05) were found between the groups (data not shown).

Fig. 2. Representative images of corneocytes fro
3.3. TEWL

The TEWL values ranged from 12.0 ± 3.0 g/m2/h to
25.9 ± 6.4 g/m2/h. The mean ± standard deviations for TEWL
values for all anatomic sites are given in Table 3. The influence
of the anatomic site on TEWL was determined by conducting
a one-way between-groups ANOVA. There was a statistically
significant difference at the p < 0.05 level. Post hoc comparisons
using the Tukey HSD test showed that although the lowest TEWL
values were obtained for the abdomen these were not significantly
different from FA1, FA2 and elbow. These sites had significantly
lower TEWL values compared with the wrist and the forehead.
The TEWL values for the forehead were significantly higher than
values for all other anatomic sites. Thus, TEWL for the sites may be
ranked as follows: forehead > wrist > FA1 = FA2 = elbow = abdomen.

Lotte et al. (1987), Schnetz et al. (1999) and Marrakchi and
Maibach (2007), have also reported higher TEWL values for the
forehead relative to the forearm. TEWL results for the wrist are
in agreement with Jang et al. (1996) and Chilcott and Farrar (2000)
who reported higher values at this site relative to the mid fore-
arm. In general, sites with higher TEWL values are associated with
smaller corneocyte sizes (Tables 2 and 3).

When performing ethnicity, age and gender comparisons no
statistically significant differences (p > 0.05) were found for TEWL

between the groups.

m all anatomic sites for a single volunteer.
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Table 4
Number of cell layers (n) for each anatomic site.

n

Wrist 13
Forearm 1 17
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Forearm 2 18
Elbow 18
Forehead 12
Abdomen 20

.4. The relationship between corneocyte size and TEWL

The relationship between TEWL and corneocyte surface area (A)
as investigated using the Pearson product-moment correlation

oefficient. A correlation of −0.722 was obtained (p < 0.01) suggest-
ng that TEWL is highly dependent on corneocyte surface area.

For each anatomic site, the number of cell layers (n) can be cal-
ulated from the surface area (A) of the corneocytes (Table 2) using
q. (1) (Rougier et al., 1988; Ya-Xian et al., 1999; Hadgraft and Lane,
009):

=
√

A − 20
0.75

(1)

The number of cell layers for each anatomic site, calculated using
q. (1), is reported in Table 4 with the highest number of cell layers
n the abdomen and the smallest number in the forehead. The data
or the abdomen and forearm are in line with previously reported
alues for these sites (Holbrook and Odland, 1974; Weigand et al.,
974; Elias et al., 1981).

Multivariate analysis of n and corneocyte size,
√

A, confirmed
hat the best fit of the data was obtained with a refined value of
= 18 for FA1, and n = 11 for the forehead. Fig. 3 illustrates these
ata plotted with the refined values for n. From Fig. 3, a modified
quation (Eq. (2)) may be used to calculate the number of cell layers
or each anatomic site

=
√

A − 21
0.7

(2)

he geometric intercellular pathlength (�m) is calculated from Eq.
3) (Hadgraft and Lane, 2009):

athlength = n +
√

A(n − 1)
2

(3)

A plot of TEWL versus the reciprocal of the pathlength for
ater is shown in Fig. 4. The robustness of the approach is fur-
her confirmed by the observation that TEWL tends to zero when
he pathlength for diffusion becomes infinitely long.

Our data suggest that corneocyte size and TEWL measure-
ents may be used to characterise variation in permeability to
ater transport at different anatomic sites. The application of a

ig. 3. Plot of corneocyte size (
√

A) vs. number of cell layers (n); refined n values
or forearm and forehead (FH: forehead; W: wrist; FA: forearm; E: elbow and ABD:
bdomen).
Fig. 4. TEWL (g/m2/h) vs. 1/pathlength (�m−1) (FH: forehead; W: wrist; FA: fore-
arm; E: elbow and ABD: abdomen).

simple biophysical measurement such as TEWL to characterise
skin structure should have implications for both the cosmetic and
pharmaceutical industries. It is also of interest to note that many
cosmetic formulations are currently tested on the forearm rather
than the face. From our results it is clear that these sites are very
different in terms of permeability and this will be of concern both
for the delivery of actives and possible irritancy effects from any of
the formulation components.

Since corneocyte size is a consequence of enzymatic activity in
the skin these measurements should also help to characterise skin
permeability in diseases where this activity is disrupted e.g. atopic
eczema. This knowledge should also inform the improved design
of formulations for amelioration of such conditions.

4. Conclusions

The data reported in the present investigation confirm that
experimentally determined TEWL data is inversely correlated with
the diffusional pathlength for water movement in skin. The pro-
posed relationship takes account of previously reported regional
ultrastructural variability in anatomic sites. The data are also con-
sistent with variation in enzymatic activity from site to site which is
expected to contribute to differences in corneocyte size and matu-
rity. TEWL data and corneocyte size were normally distributed
which has not been previously reported in the literature.
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