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2.1 Diffusion Resistance

1. TEWL Measurement
TEWL cannot be measured directly. TEWL itself is the diffusion of condensed
water through the stratum corneum (SC), whereas TEWL methods measure
water vapour flux in the air above the SC. This vapour flux depends both on
the rate of supply of water to the skin surface (TEWL) and its rate of
evaporation from the skin surface (microclimate). This, in essence, is why the
relationship between TEWL and microclimate is less than straightforward.
Figure 1 illustrates (a) the open-chamber [1] and (b) the condenser-chamber
[2] method of TEWL measurement.

Nilsson [1] described a zone of diffusion adjacent to the skin, where the water
vapour pressure gradient is related to the evaporative flux from the skin
surface. He claimed that his open-chamber method measures this gradient
with minimal influence on the microclimate surrounding the surface of the skin.

Boundary layer thickness can be converted straightforwardly to diffusion
resistance. The range 6-12mm works out to a diffusion resistance range
~250-500 sm-1.

The two methods are similar in their use of the diffusion gradient
measurement principle. For both, the measurement chamber is of cylindrical
form, about the size of a thimble. Water vapour from the skin surface enters
through the lower orifice, diffuses through the chamber and is removed at the
upper end. The vapour flux is sensed by measuring the humidity gradient
along the axis of the cylinder, in accordance with Fick’s first law of diffusion.
The main difference between the two methods is how the water vapour is
removed from the chambers. The open-chamber has an orifice that permits
the water vapour to escape into the ambient air. This has the advantage of
simplicity, but makes the measurement vulnerable to disturbance from
ambient air movements. The condenser-chamber is closed to protect the
diffusion zone from ambient disturbance and the water vapour is removed by
freezing it to ice.

3.3 SC Response Time to Microclimate Change

2.2 Microclimate of Uncovered Skin

The physical basis for this zone of diffusion is the boundary layer of fluid
dynamics [4]. Therefore, this microclimate is dominated by air movements,
from natural convection and elsewhere. The thickness of the boundary layer
depends on air flow, geometry of the object and temperature difference
between the object and the air. Wheldon and Monteith [3] estimate that a
typical value for the human body indoors is ~6mm, although values as large
as 12mm are possible in very still conditions. These values are not stable and
are perturbed by minor air movements, normal body movements and
breathing.

Figure 1: Schematic illustration of (a) open-chamber and (b) condenserchamber measurement heads.

The sorption data were measured with excised SC [5]. They show that the
equilibrium hydration is rather low, ~10% or less for RH values up to ~60%,
but rises rapidly at RH values >80%.

The model uses Fick’s first law of diffusion for calculating water vapour flux in
air and condensed water flux in the SC. The results are normally expressed in
terms of diffusion distance L and diffusion coefficient D. However, it is more
convenient here to use the electrical equivalent of diffusion resistance
(R=L/D) [3], because the separate parameters L and D are not of interest.

Figure 4: Saturation limits of flux density. This is the evaporation flux
you would measure from a pure water surface at skin temperature.

This shows that still laboratory air can accommodate a higher skin surface
evaporation rate than either of the two measurement chambers. That’s good
for acclimatisation prior to TEWL measurement. The condenser-chamber has
a higher saturation limit than the open-chamber, partly because of its lower
diffusion resistance but mainly because of the low humidity generated by the
condenser. The condenser-chamber method is also unique in providing
controlled evaporation conditions independently of ambient humidity.

2.3 Skin Surface RH
The above diffusion resistance values were used to calculate the skin surface
RH curves presented in Figure 3. In all cases, the skin surface RH increases
with flux density in proportion to diffusion resistance. For uncovered skin and
in the open chamber, the skin surface RH also increases with ambient RH.
This is indicated in the figure by line thickness, where the thin lines
correspond to 40% RH and thick lines to 60% RH. The skin surface RH in the
condenser chamber is unaffected by ambient RH, because its microclimate is
controlled by the condenser.

3. Mathematical Model for TEWL
We also need to model the effect of microclimate on TEWL. TEWL is the
diffusion of condensed water through the skin barrier, which resides in its
outermost layer, the SC. The main features of the model are illustrated in
Figure 5. Fick’s first law of diffusion can be used for calculating the steadystate TEWL flux. Again, the electrical equivalent is convenient, because the
diffusion resistance R relates directly to the barrier property of the SC.

Figure 5: Schematic representation of the SC (left) and its electrical
equivalent (right).

3.1 SC Diffusion Resistance
Figure 3: Microclimate RH at the skin surface for typical open-chamber
and condenser chamber measurement heads, and for uncovered skin.

The higher diffusion resistance of the two measurement chambers compared
with uncovered skin causes the skin surface RH within them to increase more
rapidly with flux density than that of uncovered skin. In the open chamber, the
skin surface RH is always higher than that of uncovered skin. In the
condenser chamber, the skin surface RH starts at a lower value and overlaps
with that of uncovered skin over a broad range of flux densities.

The microclimate of the air adjacent to the skin is intimately connected with
TEWL and its measurement. One aspect is its effect on the evaporation of
water from the skin surface. A quite separate aspect is its effect on the
properties of the skin itself.
The first step to understanding how microclimate affects TEWL and its
measurement is to understand the microclimate itself. The main variables are
humidity, temperature and air movement. The microclimate of uncovered skin
is different from the microclimate when clothed, or when a TEWL
measurement chamber is placed on it. The microclimate is also different in
different TEWL measurement chambers.

4. Calibration
An obvious source of disagreement among TEWL instruments is calibration,
where arguments about the validity of different methods continue. Here we
describe two methods, the widely used wet-cup method and the new droplet
method.

The traditional method for calibrating TEWL instruments uses a wet-cup
(membrane/water) method, as described in [8, 9], for example. The water loss
through the uncovered wet-cup membrane can be determined gravimetrically,
from the weight loss of the cup with time. The water loss can also be
measured by placing a TEWL measurement chamber in contact with the
membrane. You calibrate a TEWL instrument by adjusting its reading to be
the same as the gravimetrically determined water loss through the uncovered
membrane. Right?

Another difference between the two methods is in their effect on the
microclimate adjacent to the skin surface and this is discussed further below.

2. Microclimate

Our model can also be used to get a rough theoretical estimate of the time
taken for a surface hydration change to propagate through the SC. A general
solution to Fick’s second law [4] relates the penetration depth L of a surface
perturbation to a characteristic diffusion time τ though L=(π D τ )1/2. This can
easily be evaluated. Assuming a SC thickness of 15µm and the same SC
diffusion resistance as in Section 3.1, it works out to ~17 minutes. This is
commensurate with the experimental data above. It can therefore be
concluded, both from experimental evidence and from fundamental
considerations, that the characteristic response time of the SC is long
compared with a typical contact time required for TEWL measurement.
Microclimate changes during TEWL measurement can therefore have little
effect on TEWL measurement.

4.1 Wet-cup Method

Figure 2 illustrates the improvement in measurement quality achieved by
protecting the diffusion zone from ambient disturbance. Open-chamber
signals fluctuate significantly, even in well-controlled external environments,
whereas condenser-chamber signals are unaffected.

Figure 2: Flux signals from open-chamber (Tewameter, DermaLab) and
closed condenser-chamber (AquaFlux) instruments, illustrating the
importance of protecting the diffusion zone from ambient disturbance,
even in the well controlled external environments used here.

For in-vivo SC, the above sorption isotherm needs to be superimposed onto
hydrating effect from the living epidermis at its base. Only the SC surface is
affected by the humidity of the adjacent microclimate. Any sudden change of
microclimate therefore needs to propagate through the SC by diffusion before
a new steady-state hydration profile is reached. But how long does this take?
One measure is the familiar acclimatisation time of TEWL measurement
protocols. Another measure comes from the work of Egawa et al [6]. They
studied the effect of exposure of skin to a dry environment and found that
TEWL decreased significantly over a time period of 6 hours. Also, Ciortea et al
[7] studied the effect of the low microclimate RH of a condenser-chamber
TEWL instrument and found that the TEWL of volar forearm skin decreased at
a rate of ~0.1% per minute of exposure.

As an example, we can use the numerical values in Figure 5 to estimate RSC
the diffusion resistance of the SC barrier. For a normal volar forearm TEWL of
J=10 gm-2h-1, RSC~2.1*108 sm-1. This is about five orders of magnitude larger
than the diffusion resistance of a typical TEWL measurement chamber or the
diffusion boundary layer of uncovered skin.

3.2 Microclimate and SC Properties
The main interaction between microclimate and SC properties is described by
the sorption and desorption isotherms, such as shown in Figure 6.

2.4 Saturation Flux Density
Evaporation is an essential process in TEWL measurement, but what are the
factors that determine the rate of evaporation from a surface? In general
terms we know that temperature, humidity and air movement are involved.
Clothes dry quicker when it’s warm, dry and windy.

There are similarities between the wet-cup and in-vivo skin in that both have a
membrane to limit water loss. However, there is a vital difference. The lower
surface of the SC is in contact with condensed water and the TEWL flux within
the SC is condensed water. By contrast, the wet-cup membrane is separated
from the water reservoir by an air gap and the flux within it is water vapour. In
consequence, the diffusion resistances of the two membranes for the same
flux density are very different.
The diffusion resistance of a wet-cup membrane by itself is difficult to
estimate, because you have to account for the diffusion resistance of the air
above and below it. However, the total diffusion resistance of (air + membrane
+ air), from the water surface into the ambient atmosphere can easily be
estimated. This wet-cup resistance is larger than the diffusion resistance of
the wet-cup membrane itself, but this is unimportant in the present context.
For a flux density of 10 gm-2h-1 in ambient conditions of 21ºC and 50% RH,
the wet-cup resistance RWC works out to ~3100 sm-1. This is almost five
orders of magnitude smaller than the diffusion resistance of the SC, but
commensurate with the diffusion resistance of a TEWL measurement
chamber. Therefore, the wet-cup membrane is NOT a skin simulator and the
wet-cup is NOT a constant water evaporation device, as claimed in [8, 9], for
example.

A recent project involving the UK National Physical Laboratory (NPL), several
TEWL instrument manufacturers and TEWL users has come up with a new
traceable method of calibration that can be used with TEWL methods capable
of recording continuous flux time-series data (ie not with the unventilatedchamber method) [10, 11]. It uses a micro-syringe to dispense a droplet of
water, typically 1mg, into a closed calibration cap. The cap is then sealed to
the measurement chamber and a flux time-series recorded as the droplet
evaporates. The calibration works by equating the area under the flux curve
with the quantity of water dispensed in the droplet.

The saturation characteristics for the three cases considered above are
shown in Figure 4.
Figure 6: Sorption isotherm for excised SC, based on [5].
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Figure 7 shows typical data for condenser-chamber and open-chamber
instruments. In this example, the areas under the two curves are similar, so
their calibrations are close. The fact that the flux levels are very different can
be confusing. These are determined by droplet surface area and microclimate.
The air immediately above the droplet is saturated, at 100% RH and the local
flux is therefore at saturation level (see Section 2.5). Saturation flux density is
higher in a condenser-chamber than in an open chamber, because the RH in
the condenser-chamber is lower. By contrast, TEWL flux is determined by the
rate of supply of water to the SC surface (SC barrier) not by evaporation rate
(microclimate). Therefore, these two instruments will give the same TEWL
readings on in-vivo skin.
The droplet method is straightforward to use and does not require any special
facilities or a controlled environment beyond what the instrument itself
requires. Independent research by the NPL has shown that this method brings
TEWL measurements of different instruments closer together [10].

5. Conclusions
The main conclusion is that the effect of microclimate change on TEWL
measurement is small, because measurement times are small compared with
SC response times. However, microclimate directly affects the maximum flux
that can be measured by a TEWL instrument. Therefore, for normal TEWL
measurements, the observed flux is controlled by the SC barrier rather than
the microclimate. Under these conditions, all TEWL instruments should give
the same readings, if they are correctly calibrated. As the water vapour flux
rises towards saturation levels, the readings become increasingly controlled
by the chamber microclimate rather than the SC barrier. Different instruments
will then give different readings and these readings give information about the
microclimate not the SC barrier.
Our analysis also shows why wet-cup calibration methods do not work.
However, there is now an alternative droplet method that is quick, easy to use
and does not require elaborate environmental control. The method is
traceable to fundamental measures and has been verified by the UK National
Physical Laboratory.
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4.2 Droplet Method

The minimum evaporation rate is zero. No water, no evaporation. The
maximum is taken as that value for which the humidity of the air adjacent to
the skin surface approaches the saturation point at 100% RH. We call this the
saturation limit. Note that the saturation limit is a microclimate property, not a
skin property. Different TEWL measurement chambers have different
microclimates. and therefore different saturation flux densities. This is what
determines the maximum flux density that can be measured, ie the
measurement range of the instrument.
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Wrong. You are not justified to assume that the flux density in the TEWL
measurement chamber is the same as the gravimetrically determined flux
through the uncovered membrane. It all comes down to microclimate and
diffusion resistance.

Figure 7: Calibration curves recorded using 1mg water droplets. The
calibration works by equating the area under the curve with the quantity
of water dispensed. In this example, the areas for the two instruments
are similar and their calibrations are therefore close. The fact that the
flux levels are very different can be confusing - it’s microclimate, not
TEWL.
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