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To probe age-related changes in skin barrier function, transepidermal water loss (TEWL) rates have
been measured in ‘‘young’’ (1942 years) and ‘‘old’’ (69-8S years) subjects. TEWL was determined at
ventral forearm skin sites, which had been occluded for 24 hr with polypropylene chambers. Baseline
TEWL rates (J..,), which showed no dependence on age, were measured for each subject before and
after the experiment. Following removal of the occlusive chamber, TEWL was monitored continu-
ously from 7 = 0.5 min until its return to the baseline (preocclusion) level, which was typically in the
range of 2-7 g/m%hr. Initial TEWL rates (mean + SD) were found to differ significantly between young
(28.6 = 7.5 g/m?hr; n = 26) and old (36.9 + 10.5 g/m?hr; n = 18) subjects (P < 0.01). Relaxation of
TEWL to J,, was significantly slower in the aged cohort, such that the characteristic time for diffusion
of water in the stratum corneum was estimated to be (mean + SD) 176 + 59 min for the young subjects,
compared to 360 = 76 min for the old (P < 0.001.). Thus, the initial TEWL value following removal
of occlusion is significantly greater, and the excessive stratum corneum hydration produced by oc-
clusion is dissipated more slowly, in old skin than in young. A hypothesis to explain the slower

relaxation of perturbed TEWL in old skin is proposed.
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INTRODUCTION

Water reaches the surface of the skin actively via the
sweat ducts and by passive diffusion across the intact epi-
dermis. Measurement of the latter process, transepidermal
water loss (TEWL), is a sensitive evaluation of the integrity
of the stratum corneum (SC). The SC is the thin (15 to
20-um) coherent membrane of keratinized epithelial cells
which form the outermost layer of the epidermis. The SC
consists of a closely packed latticework of polyhedral cells
arranged as interlocked vertical columns (1). The intercellu-
lar regions of the SC contain predominately lipoidal material
in a multilamellar bilayer arrangement (2). A principal func-
tion of the SC is to prevent excessive water loss from the
body and to maintain homeostasis.

Previous studies have determined evaporative water
loss across the skin as a function of increasing chronologic
age. For example, measurements of TEWL have been used
to assess adequacy of barrier function in premature infants
(<30 gestational weeks) relative to that in full-term infants
(3): it was found that water evaporation rate from the skin is
higher in preterm infants than in term infants. At the oppo-
site end of the age spectrum, i.e., from adulthood through
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old age, baseline TEWL does not appear to change with
increasing age (4-6).

The objective of this study was to reexamine the effect
of increasing age on barrier function integrity as assessed by
TEWL. Initial measurements confirmed the previously pub-
lished observation that baseline TEWL does not change sig-
nificantly with increasing age. This led us to examine the
water barrier under ‘‘stressed’’ conditions: the skin was first
occluded, thereby preventing TEWL, and then the recovery
of the perturbed tissue to pretreatment levels was moni-
tored. It was our hypothesis that this challenge to the skin
would amplify subtle barrier function changes that occur
with increasing age. Evidence that occlusion would enhance
the ‘‘signal-to-noise’’ ratio associated with TEWL measure-
ments was indicated by previously published experiments,
which revealed significant reversible increases in TEWL due
to occlusion (7). In the experiments described below, occlu-
sion-induced hydration changes in the SC were monitored by
the relaxation of TEWL to baseline (preocclusion) levels.

MATERIALS AND METHODS

Transepidermal water loss measurements were per-
formed with a commercially available, unventilated evapo-
rimeter (EPIC Servomed AB, Stockholm, Sweden). The
Servomed EPIC is designed for the quantitative determina-
tion of water evaporation from or to surfaces in contact with
the atmosphere. The evaporimeter probe has been described
elsewhere in detail (8-11). Briefly, the instrument is capable
of measuring relative air humidity (%), water vapor partial
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pressure (mm Hg), and evaporation rate (g/m*/hr) (to a lower
limit of 0.1 g/m*hr). The evaporimeter probe contains two
sensors (coated with an organic polymer dielectically sensi-
tive to humidity) vertically stacked at a known distance from
the skin surface. Each sensor is coupled to a fast thermistor
and both are enclosed in a polytetrafluoroethylene capsule,
cylindrically shaped and open at both ends. The probe is
held against the surface of the skin, orienting the sensors
parallel to the skin surface and perpendicular to the vapor
pressure gradient. Investigations of transepidermal water
loss can be performed, therefore, with minimal influence of
ambient conditions on the microclimate at the surface of the
skin. The TEWL reading from the probe stabilizes within
approximately 15-30 sec.

Volunteers were caucasian males and females divided
into two groups; young (1942 years) (n = 13) and old (69-85
years) (n = 9). Volunteers had no history of dermatological
disease. All measurements were made on the ventral fore-
arm (bilateral sites) in a draft-free environment; relative hu-
midity was 30-50% and ambient temperature 23 * 2°C. Since
large experimental variation due to such factors as ambient
temperature, relative humidity and rate of perspiration can
invalidate TEWL results, well-controlled experimental con-
ditions were maintained. The skin temperature during mea-
surement, on any given individual, was <33°C at a room
temperature of <25°C. All TEWL measurements were nor-
malized to a 30°C skin temperature as previously described
(12).

Occlusion was achieved using a 2-cm-diameter, poly-
propylene Hilltop chamber (HTC) (Hilltop Research, Inc.,
Cleveland, Ohio). Preliminary investigations sought to ob-
tain an occlusion time for complete SC hydration. Occlusion
times of 1, 2, 6, 12, 24, 36, and 48 hr were examined. In light
of these experiments (discussed below), we chose to occlude
the skin for 24 hr. This treatment optimized volunteer com-
pliance with full SC hydration in the absence of maceration.

RESULTS AND CALCULATIONS

We have confirmed the observations of others (4-6) that
baseline TEWL does not change with increasing age (Fig. 1).
It is unlikely, therefore, that baseline TEWL can be used to
differentiate barrier function with increasing age. Hence, to
probe whether pertubation of SC hydration reveals age-
associated changes in barrier function, we measured TEWL
rates following simple occlusion.

The preliminary experiments revealed that for shorter
occlusive periods (1 and 2 hr), the SC did not always achieve
full hydration, i.e., the initial TEWL values following re-
moval of the HTC were significantly lower than the corre-
sponding values after 6, 12, or 24 hr of occlusion. TEWL
following 36 and 48 hr of occlusion occasionally exhibited
unexpected behavior in that water loss remained elevated at
a constant level for a protracted period (ca. 4 min) before
commencing the typical relaxation to baseline values. The
reason for this extended plateau is not known or readily
discernible but may be associated with an artifact resulting
from desquamated cells lying on the skin surface. Results on
any individual were essentially identical following occlusion
times of 6, 12, and 24 hr suggesting that the SC had reached
a true equilibrium.
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Fig. 1. Baseline TEWL readings from 33 subjects in the age range
19-85 years. Measurements were made on the ventral forearm.

Occlusion prevents the normal passive diffusion of wa-
ter from the skin into the atmosphere. As a result, the water
content of the stratum corneum rises, until equilibrium with
the body occurs. Upon removal of the occlusion, TEWL is
elevated above its baseline value, but then returns to this
level as the linear concentration gradient across the SC is
reestablished. Data from 26-year-old and 85-year-old indi-
viduals, following 24 hr of occlusion, illustrate this decay of
water evaporation rate immediately following removal of the
HTC (Fig. 2). Note the extended time scale for the older
individual, illustrating the relative slowness of the relaxation
process in this subject.
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Fig. 2. Data showing evaporation rate (2/m>hr) versus time follow-
ing removal of the HTC. The filled diamonds are results from a
26-year-old subject; the open squares are results from an 85-year-old
subject. The occlusion time was 24 hr. Note the extended time scale
for the older individual, illustrating the relative slowness of the
“‘relaxation’’ process in this subject.
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Schematically, this experiment produces changes in the
water activity gradient across the stratum corneum shown in
Fig. 3. Following removal of occlusion, the step-function in
water activity collapses to the normal linear gradient. This
relaxation process can be analyzed using standard diffusion
theory (13), provided that a number of assumptions, implicit
in the treatment of this non-steady-state diffusion problem
by simple Fickian principles, are recognized.

(1) The SC is an isotropic membrane of constant thick-

ness.

(2) The diffusion coefficient (D) of water across the SC
is both distance and concentration independent.

(3) The temperature of the membrane is constant across
its width and throughout the measurement.

(4) The atmosphere above the skin (at the skin-air in-
terface) is a perfect sink for water following removal
of the occlusive barrier.

To interpret the relaxation of TEWL rate (J) to its baseline
value (J..), Fick’s Second Law of Diffusion for water in the
SC membrane must be solved:

aC #C
- P (ax2> )
with the boundary conditions
@) apo =1, O<x<latt =0
(i) ago =1, x=0fort>0
(i) ago = 0,x = Ifort >0
where ayq is the water activity in the SC. The mathematics
permit one to evaluate the flux of water (J) exiting the SC (at
x = [) as a function of time (¢) (i.e., the quantity, TEWL,
detected by the evaporimeter). The result (13), which is ac-
ceptable for all but the shortest times (i.e., once ay,o has
decreased by about 30% or more), is

J —Dz%t
J—w =1+ 2exp <1—2> 2)

where J_, is the average ‘‘control’’ (baseline) value measured
for each subject at the beginning and end of each experi-
ment. This function is plotted in Fig. 4 (13). The decay curve
of J/J., can therefore be used to find the characteristic trans-
port time (/>/D, where | = diffusional path length) for water
diffusion across the SC. If 1 = 1%/6D [the classic ‘lag time”’
(12901 in Eq. (2), then J/J_, = 1.39. Thus, by measuring J.
directly with the evaporimeter, #,,, and, hence, 2ID can be
easily obtained. The decay of J is monitored when occlusion
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Fig. 4. Graphical representation of the approximate solution to
Fick’s Second Law (with appropriate boundary conditions) reveals
that, for all but the shortest times, the decay of J/J,, with time can be
used to find the lag time and characteristic transport ratio for the
system.

is terminated and J/J, is then calculated as a function of
time. Table I shows that the flux at 30 sec postocclusion is
greater for the old subjects than for the younger individuals.
Additionally, the relaxation to control levels is significantly
slower for the older group compared to the younger group.
The J,s/J,, ratio and the characteristic diffusion time are
significantly lower in the young individuals.

An alternative, empirical, analysis of the TEWL data
leads to similar conclusions. The TEWL relaxation measure-
ments postocclusion are adequately fitted by a simple biex-
ponential function:

(J-J.)=A exp(—at)+ B exp(—Br) 3)

where J is the TEWL flux at time ¢ postocclusion (units =
g/m?/hr); A and B are constants (units = g/m?/hr) and alpha
and beta are first-order decay constants (units = reciprocal
time). A biexponential function was found to fit the TEWL
data significantly better than a simple exponential (14); how-
ever, inclusion of additional exponential terms does not
cause further improvement in data fit. While the approach is
empirical, the rate constants obtained should be inversely
related to the characteristic diffusion time (/%/D) and can be
used for comparative purposes between young and old sub-
ject groups (Table II).
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Fig. 3. Schematic representation of the occlusion-induced changes in water activity gradient
across the stratum corneum.
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Table I. TEWL Relaxation Data, Characteristic Diffusion Times
Following 24 Hours of Occlusion (Mean + SD)*

Young Old

(n = 26) (n = 18) P value
J3o (8/m?/hr) 29 = 7.5 37 =11 0.004
Jyisilt 22+ 0.5 3.6 09 <0.001
2/D (min) 175 =59 360 =+ 76 <0.001

(n = 16) (n =14

¢ J3p» = TEWL rate at t = 30 sec postocclusion. J;5./J., = the ratio
of TEWL rate at + = 15 min postocclusion to TEWL baseline rate
(J.). /D = the characteristic time for water diffusion across
the SC.

Data analysis of the TEWL results assumes that vapor-
phase diffusion of water from the skin surface to the relative
humidity sensors in the evaporimeter probe is much faster
than water diffusion through the SC, i.e., the resistance to
water transport in the air layer above the skin is negligible.
To verify the validity of this approximation, both continuous
and discontinuous TEWL measurements were made and
were found to be indistinguishable. Removal and replace-
ment of the probe disturbs the air layer over the skin surface.
If the water concentration gradient can be rapidly reestab-
lished, then discontinuous values will overlap the continu-
ously acquired values. The results (Fig. 5) demonstrate this
to be the case.

DISCUSSION

As noted by ourselves and others, the ability of the SC
to retard evaporative water loss does not change signifi-
cantly with age. This result is perhaps not surprising. Exten-
sive morphological data (15,16) give no evidence of a change
in SC cell number or histologic appearance with increasing
age. Additionally, as an individual ages, the SC maintains its
physiologic function of preventing dehydration of the organ-
ism.

However, following a deliberate pertubation of the sys-
tem, the water activity gradient across the SC (produced by
occlusion) is dissipated more efficiently by the young group
than by the old group. Specifically, we have observed an
increase in the characteristic time for water diffusion
through the older SC and a decrease in the kinetics which
describe the relaxation of TEWL to baseline levels following
occlusion. Additionally, the initial value of J,4. is signifi-
cantly greater in the old group than in the young.

The explanation of these observations is not intuitively
obvious. Histologically, the SC appears unaltered with age.

Table II. Biexponential Analysis of TEWL Data (Mean + SD)

Young Old

(n = 26) (n=18) P value
A (g/m%hr) 24 =10 30 =12 0.05
a (min~Y) 0.47 = 0.19 0.30 = 0.16 0.01
B (g/m?%hr) 11 * 39 13 =+ 45 0.24
B (min~Y) 0.05 = 0.02 0.03 = 0.02 0.01
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Fig. 5. Evaporation rate (g/m?hr) versus time from a young subject
(28 years) following occlusion for 12 hr. The filled diamonds and
filled squares are readings taken continuously on two separate oc-
casions. The open squares are measurements made discontinuously;
between readings the evaporimeter was removed from the skin. The
results also serve to illustrate the typical intrasubject variability
observed in TEWL observations.

Yet subtle changes appear to have taken place. It is known
that the water content of older SC is lower (17,18). The dry,
rough appearance of older skin implies a lower affinity for
water. Consequently, the magnitude of the pertubation may
account for the differences seen. From the baseline data, we
know that the SC retains its ability to retard normal water
loss over the entire age spectrum. In other words, while the
total amount of water in the SC membrane may be different,
the equilibrium TEWL rate is apparently unaltered with age.
When the tissue is occluded, less water may be required by
the younger tissue to achieve the fully hydrated equilibrium
state. Conversely, the older tissue, starting at a lower water
content, requires more water to achieve the new hydration
equilibrium. Once the occlusion is removed, the SC from the
older subjects may have more water to be eliminated (as
reflected by a greater J,,. value) and the relaxation to base-
line may take longer due to the greater amount of water in
the membrane. However, the kinetics of this relaxation pro-
cess are significantly slower in the old subjects.

It is also possible that occlusion of the SC of old sub-
Jjects produces a hydration-induced structural alteration in
intercellular lipid organization. On subsequent dehydration,
therefore, reorganization of this structural modification
could be manifested in slower relaxation Kinetics.

It is also conceivable that the differential relaxation be-
havior of TEWL in young and old subjects has origins, at
least in part, in the keratinized components of the SC. Ex-
periments probing SC structural components, at a micro-
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scopic level, will be required to understand the mechanism
which accounts for the distinctive differences in observed
TEWL relaxation behavior.

Finally, the validity of the assumptions, implicit in mod-
eling TEWL observations by Fick’s Second Law of Diffu-
sion, should be reviewed. In reality, each assumption is im-
perfect. The SC is not isotropic; it is known that the integrity
of the SC is weaker at the surface than at the viable epider-
mis—SC boundary. Occlusion induces hydration and swelling
of the SC; hence, SC thickness probably decreases with time
following removal of occlusion. The value of D is almost
certainly dependent upon the degree of hydration and, as a
result, will also be a function of SC depth. The final assump-
tion is the most reasonable: the diffusion coefficient of water
(D) in the vapor phase is several orders of magnitude faster
than in the SC. A stagnant layer would need to be of very
large dimension, therefore, to exercise a significant effect.
Nevertheless, while the imperfection of the diffusional anal-
ysis is clear, the disparity in experimental results between
old and young subjects is unequivocal. The model used
serves a useful function, therefore, in that it quantifies the
age-dependent differences in terms of familiar parameters.
Further work will be necessary to refine the analysis in terms
of a more physically precise description.
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