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Abstract: The epidermal barrier function is disrupted in various inflammatory skin diseases.
Accurate methods to measure skin barrier function are needed to assess the effect of therapeutic
agents. Therefore, we developed a noninvasive multiparametric approach to measure four different
parameters regarding the skin barrier. In the current pilot study, we evaluate this method in 14
healthy volunteers. We assessed erythema, transepidermal water loss (TEWL), water content, and
epidermal thickness at both cheeks before and 30 min after application of Lanette and Vaseline-Lanette
cream. For this, we used spectrophotometry, the Aquaflux device, the Epsilon device, and reflection
confocal microscopy, respectively. Stratum corneum (SC) thickness was significantly increased after
application of both creams (p < 0.05), and this increase was larger after Lanette cream compared to
after Vaseline-Lanette cream (p = 0.035). Erythema, TEWL, and water content did not significantly
change after cream application. Our multiparametric approach is promising and offers a feasible
and practical way to quickly obtain multifaceted information about skin barrier function. Further
exploration of this approach after prolonged use of cream and in conditions of disrupted skin barrier
are recommended areas for future research.

Keywords: skin barrier; water content; transepidermal water loss; spectrophotometry; reflectance
confocal microscopy; Aquaflux; Epsilon

1. Introduction

The skin barrier acts as a first-order shield to protect the human body against micro-organisms,
ultraviolet (UV) light, and mechanical injury, and also helps regulate temperature and water flux [1,2].
It is predominantly formed by the outermost layer of human epithelial cells, the stratum corneum
(SC) [3]. The skin barrier function is disrupted in inflammatory skin diseases like rosacea and atopic
dermatitis [4-10]. An impaired skin barrier is characterized by increased transepidermal water
loss (TEWL) and reduced epidermal hydration, and predisposes one to cutaneous inflammation [2].
Conversely, skin moisturizers can improve the skin barrier and help prevent inflammation [2,9,11-14].
However, not all moisturizers are beneficial to the skin barrier, and, for unknown reasons, some topical
ointments may exacerbate symptoms in inflammatory skin disease [15,16].

The skin barrier function is most often assessed using methods that quantify water content and
TEWL. Unfortunately, these are single-device methods that measure only one or a few parameters,
while a multiparametric approach is preferred to better assess subtle features of skin damage and
restoration in the very complex environment of the skin. In order to better understand the mechanisms
of skin therapeutic agents, accurate, objective, and reliable methods to measure skin barrier function
are needed. In addition to water content and TEWL, other skin parameters may influence skin barrier
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function, such as natural moisturizing factor (NMF), SC thickness, dermal vasodilatation (erythema),
intracellular lipids, and pH [2,4,15]. A wide array of noninvasive biophysical and imaging methods
are available to assess most of these parameters [17]. In the current pilot study, we demonstrate the
feasibility of combining a quartet of biophysical/imaging devices to measure the following four skin
parameters noninvasively: erythema, TEWL, water content, and epidermal thickness. These four skin
parameters were selected for their ability to be measured in the face and for their practical use. To the
best of our knowledge, this combination of parameters was never previously studied in skin barrier
assessment. We quantify these parameters before and after the application of two different creams.

2. Materials and Methods

2.1. Study Subjects

Fourteen healthy Caucasian volunteers (12 women and two men; mean age, 24 years; range,
21-26 years) with skin types I to III were included in the study after providing written informed
consent. The study was approved by the local medical ethics committee and conducted according
to the principles of the Declaration of Helsinki. Measurements were performed in October 2018 at
the department of Dermatology, Radboud University Medical Center, Nijmegen, the Netherlands.
The following exclusion criteria were adopted: age < 18 years, signs of skin disease at measurement
sites, known hypersensitivity reaction to Vaseline/Lanette cream, use of immunosuppressive
medication, or a diagnosis of inflammatory skin disease. Subjects did not use cream, body lotion,
make-up, or perfume on the day of measurements and refrained from physical exercise within three
hours before measurements.

2.2. Products

We applied two widely used vehicles that are able to penetrate the skin within 30 min: Lanette
cream and Vaseline-Lanette cream (Table 1).

Table 1. Ingredients of investigational products.

Product Ingredients (in Order of Percentage of Cream Content)

Purified water, decyloleate, cetostearyl alcohol, B
emulsifying, sorbitol solution, sorbic acid
Cetostearyl alcohol, B emulsifying, cetiol V, sorbic acid,
sorbitol solution, white petrolatum (vaseline), purified water

Lanette cream I FNA

Vaseline-Lanette cream FNA

FNA: Formularium der Nederlandse Apothekers.

2.3. Study Procedures and Technical Device Specifications

Measurements of the four skin barrier parameters (erythema, TEWL, water content, and SC and
epidermal thickness) were performed on both cheeks. Firstly, measurement locations were demarcated
with a surgical pen (Figure 1). Table 2 shows a detailed overview of the measurement principles of the
four devices used to measure the skin barrier parameters. Facial skin was acclimatized to the ambient
air for at least 10 min before the start of the measurements, and room temperature and air humidity
were kept constant at 20-23 °C and 38-55%, respectively. Volunteers were laid down in supine position
during the acclimatization period and measurement period to prevent possible orthostatic interactions.
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Table 2. Overview of the four devices used for the skin barrier function measurements.

30f11

Device
Skin Parameter Assessed

Measurement Principle

Output

Measurement Time

References

Spectrophotometer (Konica
CM-2600d) Erythema

Aquaflux (Biox) TEWL

Epsilon (Biox) Water content

Reflectance Confocal
Microscope (VivaScope 1500)
Thickness of SC and epidermis

Intense white light from a xenon lamp is
emitted by a probe. The device is placed onto
the skin. The color of the reflected light is
analyzed by three photocells filtering the
primary colors (blue: 450 nm, green: 550 nm,
red: 610 nm). This allows measurement of
the absorbance and reflectance spectrum in
the 400-700-nm range.

A probe consisting of a closed chamber with
a condenser and sensors for relative
temperature and humidity is applied onto
the skin surface. The flux of vapor is
calculated due to increasing temperature and
humidity rate.

A probe consisting of 76,800 sensors with a
sensing area of 1.3 cm x 1.5 cm, a resolution
of 50 um, and a measurement depth of 20 um

is placed onto the skin. The electrical
capacitance of the skin surface is calculated.

Laser light at 830 nm is focused onto the skin
with maximum imaging depth of 200 pm
below skin surface (papillary dermis). Due to
different refractive indexes between the cell
structures and the surrounding tissue, en
face images at 30 x magnification of
morphological and cellular resolution are
obtained. Horizontal resolution: 0.5-1 um,
vertical resolution: 3-5 um.

Color expressed as L*a*b color space. This is a
three-dimensional coordinate system with an
L*axis (brightness) and two orthogonal axes

representing chromaticity, namely a*axis
(red-green) and b*axis (yellow-blue).

The a* value from the measurement locations is
obtained after repeated calibration on a white
surface before each measuring session (0.00).

Flux density of water vapor (g/m? /h).

Calibrated dielectric permittivity (¢) through
the SC. Moreover, capacitive contact images
can be obtained (brighter color = higher
dielectric constant; darker color = lower
dielectric constant) for skin surface hydration
mapping, taking skin relief and variable
distribution of sweat glands into account.
Black and white images showing skin
morphology.

Options:

- VivaCam: dermoscopic image.

- Confocal: basic image of 500 pm x 500 pm.
- VivaBlock: multiple confocals acquired at the
same level, stitched together to create one
larger image (max. 8 mm x 8 mm).

- VivaStack: multiple confocals along depth at a
certain location, with interval steps of 3-5 um.
- Movie: e.g., to view blood flow in the
superficial dermis.

15s

Max. 180 s

30s

2-3 min

[17-19]

[20-22]

[23-25]

[17,26,27]

SC, stratum corneum; TEWL, transepidermal water loss.
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1 Lanette
2 Vaseline Lanette

Figure 1. Measurement locations for erythema, transepidermal water loss (TWLE), water content, and
skin thickness per cheek.

Firstly, erythema was measured with a spectrophotometer (CM-2600d, Konica Minolta, Ramsey,
NJ, USA). Using the principle of diffuse reflectance spectroscopy, light absorption from primary
chromophores in the skin (melanin, oxyhemoglobin, and deoxy-hemoglobin) was measured [19].
Before each measuring session, calibration to a standard white plate provided with the meter was
performed. After pressing the calibrate button, three calibration measurements were automatically
taken. Next, three measurements on each cheek were taken; the device was lifted and gently
reapplied between each recording. The average of the three consecutive erythema measurements
was automatically calculated by the device. The measuring head was kept steady and perpendicular
to the skin surface with very light pressure against the skin during measurements to prevent minor
venous congestion. More detailed information about measurement requirements can be found in
Fullerton et al. [18].

Next, TEWL was measured with the Aquaflux (AF200, Biox, London, UK). After calibration,
three measurements per cheek were performed with standard settings and a maximum measurement
time of 180 s. The average of the three measurements per cheek side was calculated. Also,
the Aquaflux device was kept steady and perpendicular to the skin surface with very light skin
pressure during measurements.

Thirdly, water content was determined by performing one measurement per cheek with the
Epsilon (E100, Biox, London, UK), a new-generation corneometer. Compared to conventional
single-sensor corneometers, the Epsilon contains 76,800 sensors; thus, multiple measurements take
place at once [25]. Moreover, analysis software is integrated into the device, and water-content-based
images can be obtained. The burst mode option was used with a 5-s measurement delay after first skin
contact to rule out initial variation in skin occlusion. A frame interval of 1 s and a total measurement
window of 30 s was selected. To keep contact with the skin surface, moderate pressure was applied.

Lastly, the reflectance confocal microscope (RCM; Vivascope 1500, Mavig, Munich, Germany) was
used to determine skin thickness. For each cheek, one dermoscopic image (VivaCam) was obtained
and used as map. Next, five vertical mappings (VivaStacks) were performed at the center and at
the four outer corners of the image (Figure 2). Series of images of 0.5 mm x 0.5 mm were obtained,
starting from the skin surface up to a depth of 100 um with interval steps of 3 pm. With a standardized
protocol (Figure S1, Supplementary Materials) all VivaStack images were evaluated by one researcher
to determine thickness of the SC and the viable epidermis (without SC).
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Figure 2. Dermoscopic image of the cheek made using the reflectance confocal microscope. The red
dots show the exact locations were the VivaStacks were performed.

After baseline measurements, the Lanette cream was applied to the right cheek, and the
Vaseline-Lanette cream was applied to the left cheek (Figure 1). One finger-tip unit (FTU) of cream
was used per cheek side, according to the finger-tip method [28]. One FTU corresponds to 0.5 g. After
30 min, the creams were completely absorbed into the skin, and all skin parameter measurements
(erythema, TEWL, water content, and epidermal thickness) were repeated as described above.

2.4. Analysis

Burst mode values from the Epsilon measurements were used to create regression functions,
and intersections with the y-axis were calculated. Statistical analysis was performed with SPSS
(SPSS statistics 25, IBM Corporation, Armonk, NY, USA). Possible baseline differences of the skin
barrier parameters between the right and left cheek were explored with the Wilcoxon signed-rank
test. The Wilcoxon signed-rank test was also used to demonstrate significant differences between
skin barrier parameters before and after application of both creams. A relationship between the skin
parameters and environmental factors was investigated using Spearman’s correlation. For the results,
p-values below 0.05 were considered significant.

3. Results

Compared to baseline, the thickness of the SC increased significantly after application of both
creams (p < 0.05, Figure 3 and Table 3). The absolute difference of the SC thickness before and after
application was significantly larger for Lanette cream compared to Vaseline-Lanette cream (p = 0.035).
Figure 4 shows no morphological changes of corneocytes in the SC after cream application with the
RCM. Erythema, TEWL, water content, and thickness of the viable epidermis did not significantly
change after application of Lanette cream and Vaseline-Lanette cream. Additionally, relatively large
interindividual variations among skin parameters were seen. Values of all skin parameters at baseline
compared to 30 min after cream application per subject are displayed in Figure S2 and Table S1
(Supplementary Materials). No significant differences in median baseline values of erythema, TEWL,
water content, and thickness of the SC and the viable epidermis were found between the right and left
cheek among subjects (p > 0.050 for all values).
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Table 3. Skin parameters measured at baseline and at 30 min after cream application.

60f 11

Skin Parameter Lanette Vaseline-Lanette
Baseline 30 min after cream application p-Value Baseline 30 minafter cream application p-Value
Erythema (a¥) 48.40 (46.20-50.80) § 48.00 (46.10-50.60) 0.362 47.95 (44.60-49.80) 48.05 (43.20-49.80) 0.965
TEWL (g/m2/h) 19.28 (14.05-25.31) 19.09 (15.87-26.71) 0.363 18.81 (13.67-27.22) 19.00 (14.61-24.54) 0.300
Water content (¢) 20.16 (14.86-33.94) 23.29 (15.89-28.33) 0.730 21.11 (16.31-47.02) 21.79 (14.03-40.02) 0.363
Thickness SC (um) 5.25 (3.71-7.42) 9.90 (5.15-13.92) 0.001 * 4.64 (3.09-11.34) 6.49 (4.12-9.90) 0.016 *
Thickness viable 54.59 (48.86-64.32) 52.96 (45.61-60.61) 0.551 54.22 (45.64-59.31) 54.12 (42.26-57.91) 0.638

epidermis (um)

§ Median (range). * p < 0.05 (baseline vs. 30 min after cream application).
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Figure 3. Thickness of stratum corneum (A) and viable epidermis (B) measured by the reflectance
confocal microscope at baseline and 30 min after cream application. Values are expressed as medians
with interquartile ranges and ranges (minimum-maximum).

Figure 4. Representative reflectance confocal microscopy images of the stratum corneum at baseline
(A) and 30 min after cream application (B).
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There were no significant relationships between the four skin parameters. Additionally,
no biologically relevant correlations between the skin parameters and environmental factors were
found (data not shown).

4. Discussion

This is the first study that combines the noninvasive measurements of erythema, TEWL,
water content, and epidermal thickness to assess the effects of indifferent creams on the healthy
skin barrier. Cream application did not affect erythema, TEWL, and water content 30 min after
application on the cheeks, but did lead to increased SC thickness. The four modalities used in this
study (spectrophotometer, Aquaflux, Epsilon, RCM) can monitor the same facial skin location over time
without discomfort, damage, or alteration. All devices are portable and easy to use, and measurements
are painless and rapid (15 min total).

To measure TEWL, we used the Aquaflux, a condenser closed-chamber system. Earlier research
showed that this chamber system is the most sensitive TEWL system, allowing continuous
measurements, and is the least vulnerable to environmental influences [21,29]. However, some
drawbacks have to be taken into account. The device glides easily on the skin during measurements;
manual fixation is recommended, which we did. Start-up time including calibration takes relatively
long (15 min); thus, this should be prepared before measurements. Additionally, repeated
measurements on exactly the same location are challenging due to the small probe. This might
have resulted in small intraindividual variations, because TEWL values can vary between facial
areas [30-32].

Water content was measured with the Epsilon, a state-of-the-art corneometer using multi-sensor
skin mapping technology with correction for skin occlusive effects [24,25]. The sensing depth of the
Epsilon is restricted to the less hydrated SC, in contrast to earlier model conventional corneometers
that measure the deeper, more hydrated epidermis [32,33]; this potentially leads to more accurate water
content values. The Epsilon showed significant variations in water content at different anatomical
skin locations [25]; however, the size of the probe head (ca. 4 cm x 3 cm) restricts measurements to
non-recessed body parts.

Lastly, epidermal thickness was assessed using RCM. The images with cellular resolution
allow very detailed measurements of the epidermal layer [27]. Earlier work showed very good
correspondence of RCM and histology for epidermal thickness measurements [34]. Limitations for
use in daily practice are the high device cost and limited imaging depth, as imaging resolution
decreases substantially below 150 um (superficial dermis). In addition, measuring facial skin may be
challenging. The transition from epidermis to dermis differs from other anatomical locations; in facial
skin, interpapillary processes do not or barely exist due to sun exposure, and the dermal-epidermal
junction is low refractive in skin types I/Il because of limited melanin content in the basal layer [35,36].
Therefore, knowledge about skin morphology is recommended for evaluation of the images. Of all
imaging tools, RCM is superior for noninvasive skin thickness measurements. Possible alternatives are
high-frequency ultrasound, near-infrared spectroscopy, optical coherence tomography, or Raman
spectroscopy; however, these devices have lower resolution and are also expensive [17,37-39].
Moreover, they may not all be suitable for facial imaging due to their size (e.g., Raman spectroscopy).

It is already known that the application of moisturizers increases SC thickness, probably due
to the absorption of water (indicating increased water-binding capacity), corneocyte swelling, or
reorganization in the lipid bilayer [15,40,41]. Surprisingly, we did not measure increased water content
after cream application. Moreover, the RCM images showed no morphological changes of corneocytes
in the SC after cream application. This suggests that increased SC thickness in our study may not
be due to increased hydration or corneocyte swelling, but rather due to cream components other
than water [24]. Alternatively, it could be that we did not find increased SC water content because
water may have diffused into deeper layers of the epidermis in the 30 min after cream application,
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or it could be that repeated use of moisturizers is needed to significantly increase epidermal water
content [14,15,40,42-44].

Given the explorative design, our study consisted of a small number of young volunteers with
female predominance. It would be interesting to investigate our method with prolonged use of topical
creams in a larger population, at various facial locations and to include an untreated reference area.
Moreover, measurements in subjects after controlled skin barrier perturbation (e.g. tape-stripping [21])
or in patients with disturbed skin barrier function could provide more insight into the effect of
cream application. It would also be interesting to expand our method with other skin-barrier-related
parameters (sebum, pH).

In conclusion, we combined the noninvasive measurements of erythema, TEWL, water content,
and epidermal thickness to assess the effect of different creams on the healthy facial skin barrier.
Cream application did not affect erythema, TEWL, and water content, but did lead to increased
SC thickness. Our multiparametric approach is promising and offers a feasible and practical way
to quickly obtain multifaceted information about skin barrier function. Further exploration of this
approach after prolonged use of cream and in conditions of disrupted skin barriers are recommended
areas for future research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-9284/6/1/20/s1:
Figure S1: Protocol used for VivaStack evaluation to determine thickness of the stratum corneum (SC) and
epidermis with reflectance confocal microscopy (adapted from Ardigo et al. [26]), with examples to distinguish the
boundaries between the different skin layers. The central part of the images was used to determine the transition
of the different skin layers, to rule out variation in depth (skin layers) within the images; Figure S2, Table S1:
Differences in erythema, transepidermal water loss, water content, and skin thickness between baseline and
30 min after cream application per volunteer.
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Abbreviations

FTU Finger-tip unit

NMF Natural moisturizing factor
RCM Reflectance confocal microscope
SC Stratum corneum

TEWL Transepidermal water loss
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