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1. INTRODUCTION

The mechanical properties of the skin are related to the biomechanical properties
and the structural organization of its components. Stratum corneum of the
epidermis, the collagen and elastic fibers in the dermis, as well as the viscosity
of the main substance of the connective tissue play a defining role. Due to the
peculiarities of its structure, the skin exhibits the behavior of a complex material
possessing elastic, viscous, and plastic properties. The elastic properties reflect
its ability to recover its original shape after deformation. The viscoelastic
properties are represented by the so-called creep and hysteresis phenomena. The
first one refers to the slow increase in deformation observed over time while
maintaining a constant force of external impact, and the second one is related to
the observation that when an impact is interrupted, the skin does not
Immediately return to its original state but remains slightly deformed. Plasticity
means resistance to any deformation for small forces. The described viscoelastic
properties are related to the established non-linear and time-dependent

relationship between the impact force and the induced skin deformation.

The basic principle advocated in the apparatus for determining the mechanical
properties of the skin consists in applying an external impact on the skin surface
and measuring the resistance force or the changes that occur as functions of time
or impact force. In relation to the direction of the applied force, two main groups
of methods are distinguished: 1) applying impact perpendicular to the skin
surface (lifting — levarometry, suction — aspiration method, pressure —
indentometry, and ballistometry); 2) applying impact parallel to the skin surface
(twisting — torsion method, stretching — extension method, wave propagation,
and gas electrodynamometry). Each of the listed methods has its advantages and

disadvantages.



In recent years, significant progress has been made in the study of the
mechanical properties of human skin in vivo. New bioengineering methods and
apparatus were created, distinguished by non-invasiveness, objectivity, and

comparability of measurements.

Our interest in the topic of the dissertation was provoked by the opportunity to
use a new device for measuring the stiffness of human skin in vivo based on
indentometry. The inquiry made showed that in the Bulgarian scientific literature
there is no such topic, and in the foreign literature there is a limited number of
studies using the mentioned device. This motivated us to perform our own

studies in healthy individuals and in patients with hardened skin.

2. OBJECTIVE AND TASKS

2.1. Objective

The objective of the present dissertation is to investigate the practical value of
indentometry to determine the mechanical properties of healthy and diseased

human skin in vivo.

2.2. Tasks

To fulfill the set objective, the following tasks were formulated:

1. To study the changes in skin stiffness depending on age, gender, and
anatomical region.

To study the changes in skin stiffness after exposure to topical agents.

To study the changes in skin stiffness in systemic sclerosis.

To study the changes in skin stiffness in plaque morphoea.

o &~ W

To study the changes in skin stiffness in psoriasis vulgaris.

6



3. MATERIAL AND METHODS

3.1. Participants

3.1.1. Total number of participants

A total of 226 persons (85 men and 141 women) aged from 11 to 84 years were

included in the studies related to the dissertation. (Table 1)

Table 1. Distribution of participants by gender and study

No Study Number of persons/patients
Men Women | Total
1. Healthy individuals 71 104 175
2. Patients
- Systemic scleroderma 1 19 20
- Plague morphoea 3 9 12
- Psoriasis vulgaris 10 9 19
TOTAL 85 141 226

3.1.2. Studied healthy individuals

3.1.2.1. Changes in skin stiffness depending on age, gender, and anatomical
region

A total of 100 healthy individuals participated in the study, of which 46 men and

54 women, with an average age of 43.1+19.5 years, with a range of 17-84 years.



The volunteers were divided into 4 age groups as follows:

e Group 1 — 10 young men with an average age of 21.6+1.6 years and 15
young women with an average age of 21.5+1.6 years.

e Group 2 — 12 young men with an average age of 27.3+3.3 years and 13
young women with an average age of 28.9+5.5 years.

e Group 3 — 12 men with an average age of 53.8+6.9 years and 14 women
with an average age of 51.2+9.6 years.

e Group 4 — 12 adult men with an average age of 72.5+7.2 years and 12 adult

women with an average age of 69.3+5.3 years.

3.1.2.2. Changes in skin stiffness after exposure to topical agents

A total of 15 healthy individuals participated in the study, of which 2 men and

13 women, with an average age of 32.9+8.8 years, with a range of 21-63 years.

3.1.3. Studied patients

3.1.3.1. Studied patients with systemic scleroderma

The study included 20 outpatients and inpatients of the Skin and Venereal
Diseases Clinic and the Rheumatology Clinic at the University Hospital “St.
George” - Plovdiv with diagnosed systemic scleroderma (SS) — 1 man and 19
women, with an average age 56.1+11.7 years, with a range of 37-76 years.

The SS diagnosis was made by a rheumatologist. Fifteen of the patients had
limited SS characterized by the presence of Raynaud’s phenomenon and skin
fibrosis on the face, hands, forearms, feet, and lower legs. The duration of the

disease was between 1 and 25 years, on average 5.8 years. The patients were



treated with Cuprenil (5 patients), cytostatics (2), systemic corticosteroids (2),

vasodilators (6), and 7 patients did not conduct any therapy.

In 5 of the patients there was diffuse SS with additional involvement in varying
degrees of the skin of the armpits, thighs, and torso. The duration of the disease
was between 2 and 15 years, on average 8.6 years. They were treated with Cell
Cept (1), Xeljanz (1), Cuprenil (1), cytostatics (1), systemic corticosteroids (1),

and vasodilators (3).

As a control comparative group, 60 healthy individuals were studied — 23 men
and 37 women, with an average age of 58.4+11.2 years, with a range of 36-76

years.

3.1.3.2. Studied patients with plague morphoea

The study included 12 consecutive patients treated in the Skin and Venereal
Diseases Clinic at the University Hospital “St. George” - Plovdiv, diagnosed
with localized scleroderma (plague morphoea) — 3 men and 9 women, with an

average age of 54.5+15.7, with a range of 11-70 years.

The plaque morphoea diagnosis was made by a dermatologist based on the
characteristic clinical image and was confirmed by histopathological
examination. The duration of the disease was between 6 months and 6 years, on
average 1.6 years. The patients underwent physiotherapy — phonophoresis with

corticosteroids and magnetic therapy.



3.1.3.3. Studied patients with psoriasis vulgaris

The study included 19 inpatients treated in the Skin and Venereal Diseases
Clinic at the University Hospital “St. George” - Plovdiv with diagnosed
psoriasis vulgaris (plague psoriasis) — 10 men, 9 women, with an average age of

44.1+15.0 years, with a range of 9-61 years.

The psoriasis diagnosis was made by a dermatologist based on the characteristic
clinical image and was confirmed by histopathological examination. The
duration of the disease was between 1 and 40 years, on average 10.9 = 13.0
years. The patients were treated with topical corticosteroids, emollients, and
phototherapy with NB UVB rays.

3.2. Methods

3.2.1. Clinical methods

In patients with plaque morphoea and plaque psoriasis, a clinical assessment of
skin induration in the area of the plaques was performed on a 4-point scale 0-3:

0 — normal skin, 1 — mild, 2 — moderate, and 3 — severe induration.

3.2.2. Indentometry

Skin stiffness was measured with the newly introduced measuring probe
Indentometer IDM 800 (Courage + Khazaka, Cologne, Germany). The probe
was connected to a Cuto MPA 580 multi-probe adapter system and the measured
values were registered with specialized software. The device measures the

penetration depth of the probe indenter (pin) into the skin in mm, varying
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between 0 and 3 mm. We used two probes with pin diameters of 3 and 5 mm,
respectively. The firmer/stiffer the skin, the less deep is the penetration of the
probe indenter. The smaller the diameter of the tip of the probe, the deeper it will
penetrate the skin when using the same force. (Figure 1) The mean values of 4-6

consecutive measurements were considered final and analyzed subsequently.
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Figure 1. Cuto MPA 580 multi-probe adapter and
probe Indentometer IDM 800

3.2.3. Corneometry

The water content of the epidermis was determined with a non-invasive probe
measuring the electrical capacity of the skin — Corneometer CM 820
(Courage+Khazaka, Cologne, Germany) connected to a Cuto MPA 580 multi-
probe adapter system. The device measures the water content of the superficial
layers of the epidermis at a depth of about 0.1 mm and represents it in arbitrary
units (Al). The mean values of 4 consecutive measurements were considered

final and analyzed subsequently. (Figure 2)
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Figure 2. Cuto MPA 580 multi-probe adapter and
probe Corneometer CM 820

3.2.4. Tested topical products

The study used the following topical products:

e Emulsion with 12% urea (Keratolin body 12%, Biotrade Cosmeceuticals,
Bulgaria).

¢ White vaseline ointment (Chemax Pharma EOOD, Bulgaria).

3.3. Study protocol and statistical analysis

3.3.1. Changes in skin stiffness depending on age, gender, and anatomical

region

Skin stiffness measurements were performed in the following anatomical areas:

forehead (center), as well as right and left volar forearms (center).
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Statistical analysis

Before choosing a statistical method, the data was checked for normality of
distribution with the Shapiro-Wilk test (S-W). Results were presented as median
+ Interquartile Range (IQR).

Equality of medians between different study groups was assessed with the
Mann-Whitney test (M-W) and the Wilcoxon Signed Rank (W-S-R) test.

The correlation between the skin stiffness and the age of the volunteers, as well
as the correlation between the values measured with a 3 mm probe and a 5 mm
probe, was determined with the Spearman correlation coefficient. Values of
P<0.05 were considered statistically significant. Statistical analysis was

performed with SPSS v.17 software.

3.3.2. Changes in skin stiffness after exposure to topical agents

The tested products were applied with gentle rubbing in the test areas with a
diameter of 3 cm located on the volar surface of both forearms. An adjacent,
untreated area was used as a control. Thus, 30 areas were tested for product 1,

product 2, and the controls.

Measurements of skin stiffness (Indentometer) and water content of the
epidermis (Corneometer) were performed before, as well as 30 and 60 minutes
after application of the tested products.

Statistical analysis

The changes in the studied parameters before and after application of the tested
products were presented as a difference in % compared to the initial values and
were evaluated using the Wilcoxon Signed Rank test. Values of P<0.05 were
considered statistically significant. Statistical analysis was performed with SPSS

v.17 software.
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3.3.3. Changes in skin stiffness in systemic scleroderma

Skin stiffness measurements of patients with SS and healthy controls were
performed in the following anatomical regions: forehead (center), as well as

right and left volar forearms (center).

Statistical analysis

Before choosing a statistical method, the data was checked for normal
distribution using the Sharpio-Wilk method. All data show a normal distribution.
Measured values were presented as mean values =+ standard deviation.
Differences in parameters between scleroderma and healthy skin were evaluated
using Student’s t-test for unpaired data and Mann-Whitney test. Values of
P<0.05 were considered statistically significant. Statistical analysis was

performed with Excel and SPSS v.17 software.

3.3.4. Changes in skin stiffness in plaque morphoea

A total of 30 scleroderma plaques were measured. Measurements with
Indentometer IDM 800 were performed in the area of the scleroderma plaques
and on adjacent, apparently healthy, control skin. Scleroderma plaques were

localized as follows: upper extremities — 1, torso — 22, and lower extremities — 7.

Figure 3 shows a patient with plagque scleroderma, before and during IDM probe

measurement.
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Figure 3. Patient with plaque scleroderma before and during measurement

Statistical analysis

Before choosing a statistical method, the data was checked for normal
distribution using the Sharpio-Wilk method. All data except the control sites
measured with a 3 mm probe showed a normal distribution. Measured values
were presented as mean values + standard deviation.

Differences in parameters between scleroderma and healthy skin were evaluated
using Student’s t-test for unpaired data and Mann-Whitney test (M-W test).
Values of P<0.05 were considered statistically significant.

Statistical analysis was performed using Excel and SPSS v.17 software.

3.3.5. Changes in skin stiffness in psoriasis vulgaris

A total of 46 psoriatic plaques were measured. The scales on the plaques were
previously removed by application of 10% salicylic ointment. Measurements
with Indentometer IDM 800 were performed on the area of psoriatic plaques and
on adjacent, apparently healthy control skin, before and after 10 days of
treatment with topical corticosteroids, emollients, and NB UVB phototherapy,
respectively, equally in all patients.
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A clinical assessment of the induration of the psoriatic plaques on a scale of 0-3

was also performed, respectively before and after treatment.

Statistical analysis

Before choosing a statistical method, the data was checked for normal
distribution using the Sharpio-Wilk method. All data except those of pre-
treatment psoriatic plaques measured with both probes showed a normal

distribution. Measured values were presented as mean =+ standard deviation.

The differences in the parameters between the diseased skin and the skin of the
control healthy subjects were evaluated using the Student’s t-test for unpaired
data and the Mann-Whitney test. Differences in psoriatic plague parameters
before and after treatment were evaluated using Student’s t-test for paired data

and Wilcoxon signed rank test.

The correlation between the values measured with a 3 mm probe and a 5 mm

probe was evaluated with the Pearson correlation test.

Additionally, the clinical assessment was analyzed with the Wilcoxon signed
rank test, and the correlation between the clinical assessment and the
Indentometer values by means of the Spearman’s rho test. Values of P<0.05
were considered statistically significant. Statistical analysis was performed using
Excel and SPSS v.17 software.

3.3.6. Measurement protocol

In each measured anatomical area, 4-6 indentometric measurements were
performed, the average value of which was taken as the final result and used for

further analysis.
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The measurements were performed after preliminary adaptation of the faces for

15 min. at a room temperature of 22-25°C and air humidity of 40-50%.

3.3.7. Statistical methods

The methods used in the individual studies are described in the previous section.

Alternative and variation analysis were used for statistical processing of the
obtained results. The first one was applied to the processing of the qualitatively
measurable signs, and the second one — to the processing of the quantitatively
measurable signs. Existing differences were considered statistically significant at
values of P<0.05. Graphical analysis was used to visualize the data.

Statistical analysis was performed using Excel and SPSS v.17 software.

3.4. Ethical aspects

The clinical study was approved by the Scientific Ethics Committee with the
Medical University of Plovdiv (Protocol No 7/2021). The studies were carried
out in accordance with the requirements of Good Clinical Practice and in
compliance with the Declaration of Helsinki on the rights of research subjects.
Informed consent was obtained from all volunteers and patients before

measurements were performed.
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4. RESULTS AND DISCUSSION

4.1. Studies of healthy individuals

4.1.1. Changes in skin stiffness depending on age, gender, and anatomical
region

Due to the sample size of healthy individuals grouped by age and by gender and
the existence of empirical distributions significantly different from the normal
one (S-W p-value < 0,05), non-parametric tests estimate the equality of medians
for independent samples was chosen. The results obtained are shown in Tables 2

and 3 and Figures 4-5.
Table 2. Measurements of skin stiffness in healthy male subjects (n, number of

volunteers; M-W, Mann-Whitney test; W-S-R, Wilcoxon Signed Ranks tests;
IQR, Interquartile Range; NS, non-significant result, P>0.05).
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Subjects, Number | Age | Forehead Right Left
estimates (ys) Volar forearm Volar forearm
dmm |5mm |[3mm |[5mm |3mm | 5mm
MEN GROUP 1 N=10
Median 22| 1,371 1,112 | 1,687 | 1,307 | 1,758 14
IQR 3| 0239| 0418| 0,288 | 0,266 | 0,315 0,284
M-W p-value men/women NS NS NS 0,002 0,013 | 0,000 0,028
W-S-R p-value right/left NS 0,037
MEN GROUP 2 N=12
Median 27 147 | 1,221 1,628 | 1,309 | 1,625 1,325
IQR 5| 0257 | 0,298 026 | 0445| 0,134 0,292
M-W p-value men/women NS NS NS 0,001 0,014 | 0,000 0,005
W-S-R p-value right/left NS NS
MEN GROUP 3 N=12
Median 56 | 1,599 | 1,302 | 1,486 1,76 | 1,469 1,455
IQR 8| 038 | 0662 0,307 0,21 | 0,137 0,182
M-W p-value men/women NS NS NS 0,19 0,08 | 0,007 0,012
W-S-R p-value right/left NS NS
MEN GROUP 4 N=12
Median 73| 1645| 1444 | 1,887 | 1533 | 1,936 1,574
IQR 15| 0549| 0475| 0346 | 0,127 0,14 0,363
M-W p-value men/women NS NS 0,003 0,002 0,004 NS NS
W-S-R p-value right/left NS NS
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Table 3. Measurements of skin stiffness in healthy female subjects (n, number of
volunteers; M-W, Mann-Whitney test; W-S-R, Wilcoxon Signed Ranks tests;

IQR, Interquartile Range; NS, non-significant result, P>0.05)

Subjects Number | Age | Forehead Right Left
(ys) Volar forearm Volar forearm
dmm | 5mm |[3mm |5mm |3mm 5 mm
WOMEN GROUP 1 N=15
Median 22| 1465 1,231 1,892 | 1,567 1,952 1,621
IQR 2| 0213 0173| 0,M3| 0,248| 0,175 0,204
W-S-R p-value right/left NS NS
WOMEN GROUP 2 N=13
Median 27| 1446 1,162| 1910| 1,576 1,988 1,596
IQR 1 0309 | 0398| 0213| 0,194 | 0,195 0,229
W-S-R p-value right/left NS NS
WOMEN GROUP 3 N=14
Median 56 | 1475| 1,350 | 1,909 | 1,652 1,941 1,652
IQR 19| 0303| 0215| 0,362 | 0,302 0,24 0,379
W-S-R p-value right/left NS NS
WOMEN GROUP 4 N=12
Median 67| 1574 | 1385| 2217 | 1,743 | 2,185 1,724
IQR 9 1,161 028 | 0,255| 0254 | 0,313 0,287
W-S-R p-value right/left NS NS

Indentometric (IDM) values measured with both probes were lower on the

forehead compared to the volar forearms. There was no significant difference

between the values of right and left volar forearms.

In all age groups, the IDM values on the male forearms were lower than on the

female forearms whereas there was no significant difference on the forehead.

In both sex and on all test locations a significant positive correlation between

age and IDM values measured with both probes was observed.
20
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Figure 4. Skin stiffness measurements in the forehead region. Means and

standard deviations are presented
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Figure 5. Measurements of skin stiffness in the region of both forearms. Means

and standard deviations are shown
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There was a significant positive correlation between IDM values measured with
both probes. (Pearson correlation coefficient of forehead — 0,625, of volar
forearms — 0,779). (Figure 6-7)
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Figure 6. Correlation between skin stiffness and age of volunteers in relation to
the forehead section. Correlation coefficient values — 0,357 with 3 mm probe,

0,305 with 5 mm probe. (Pearson test)
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Figure 7. Correlation between skin stiffness and age of volunteers in relation to
both forearms (average values). Correlation coefficient values — 0,395 with 3

mm probe, 0,355 with 5 mm probe. (Pearson test)

DISCUSSION

Influence of anatomical region

Forehead values measured with both IDM probes were lower than volar forearm
values in all volunteers. This suggests a greater stiffness of the skin on the
forehead compared to that of the forearms. These regional differences are most
likely attributed to the differences in skin thickness and bone or muscles

beneath.

There was no statistically significant difference in IDM values between right and
left volar forearms. This agrees with the results of durometer measurements
performed by Hammad et al. (2011). Additionally, they found higher skin

stiffness in the lower extremities than in the upper extremities.

Influence of sex
The measured IDM values in the forehead region did not show statistically

significant differences between men and women.

The measured IDM values in the volar forearm region at all ages were
significantly lower in men than in women. This suggests that the volar forearm
skin is stiffer in men than in women. Hammad et al. (2011), using a durometer,
also observed a higher stiffness of the skin of the volar forearm in men
compared to women, while in the area of the lower extremities this difference
was minimal.
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Influence of age

In both sexes and in both studied anatomical areas, a statistically significant
positive correlation was observed between IDM values measured with both
probes and the age of the volunteers. This suggests that with advancing age there

Is a decrease in the stiffness of the skin as a result of its aging.

Similar results were obtained by Kim et al. (2018). Using the SkinFibrometer
they found that the younger age group had stiffer skin compared to the older
group in the volar forearm region. The same finding was also found by
Mayrowitz et al. (2017) who used SkinElastimeter and SkinFibrometer to assess
forearm skin stiffness in 60 women divided into age groups under 45 years of

age (young) and over 45 years of age (old).

Influence of probe diameter

In all studies, values measured with a 3 mm diameter IDM probe were higher
than values measured with a 5 mm diameter IDM probe. This was in agreement
with the statement that the smaller the diameter, the deeper the probe tip
penetrates the skin when the same force is used. Furthermore, we found a
statistically significant positive correlation between the results obtained with
both probes at the forehead (R=0.625; P<0.05) and both forearms (R=0.779;
P<0.05).

Kuwahara Y. et al. (2008) conducted an experimental study to determine what
type of probe tip would be most suitable for assessing skin firmness. They
measured skin stiffness in 17 patients with SS and 9 healthy controls using
durometers with 12 different tip shapes and sizes. The results obtained showed
that the most reliable correlations between durometer measurements and clinical

scores were observed using cylinder-shaped tip of 2 mm in diameter, for
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measurements on the back of the hands and the forearms. Accordingly, the

authors recommend this type of probe tip as the most suitable for skin

measurements in case of SS.

4.1.2. Changes in skin stiffness after exposure to topical agents

The obtained results are shown in Table 5.

Table 5. Changes in skin stiffness (3 mm and 5 mm diameter probes) and

epidermal water content (skin capacitance; CM) after application of topical

agents, presented as % difference from baseline levels. (W-S-R tests; significant

difference between: 2, 0 vs 30 min; °, 30 vs 60 min)

Time | Control Lotion 12% urea White Vaseline ointment
(min) [3mm (5mm |CM |3mm |5mm CM | 3mm 5mm | CM
0 0 0 0 0 0 0 0 0 0
30| 127| 248%| 200%| 243| o039| 1770°| 48| -076| -1535°
b b b b
60| 140 2,58 | 373 398 1,08| -040 151 124| 300

30 min after the application of a moisturizing lotion with 12% urea, there was a

significant increase in the skin capacitance (water content) of the epidermis

(+17.7%), which at the end of the first hour decreased to the initial level.

In the test area with the application of white vaseline ointment, after 30 minutes

there was a significant decrease in the values of the skin capacitance (-15.3%),

which at the end of the first hour increased insignificantly by 3.0%.
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No statistically significant changes were observed in the measured IDM values

of all tested sections.

Minimal changes in skin capacitance and IDM values, some of them statistically
significant, were observed at the test control sites. These changes were probably

related to some cutaneous sweating during the study.

DISCUSSION

The application of moisturizers induced significant changes in skin capacitance

(epidermal water content), whereas the IDM values remain unchanged.

We observed that the lotion containing 12% urea immediately increased the skin
capacitance values while the white vaseline ointment firstly decreased the
values. This effect can be explained by the creation of an oily film by vaseline
on the surface of the skin, which makes it difficult to measure the electrical

capacity of the skin. After its disintegration, the capacitance values start to rise.

The obtained results show that after a single application of moisturizing
emulsions on the skin, there are no statistically significant changes in its
stiffness. This suggests that the Indentometer IDM 800 used is not indicative of
determining changes in skin water content.

Our results are in agreement with data reported in other studies.

Firstly, it was found that the application of 5% glycerin, a strong humectant, to
the skin of volunteers with dry skin had no effect on the resulting skin
indentation (Rodrigues L. et al., 2020).

In their study, Mayrovitz et al. (2018) aimed to determine whether there was a

correlation between skin hydration and skin stiffness. They measured these
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parameters in 35 young women on the face and volar forearms using the non-
invasive MoistureMeterEpiD (epidermal hydration), MoistureMeterDCompact
(tissue swelling), ElastiMeter (epidermal stiffness), and Skin Fibrometer (tissue
stiffness) (Delfin Technologies, Kuopio, Finland). The obtained results showed a
lack of reliable correlation between skin stiffness and hydration in all measured

areas.

Esposito T. et al. (2021) used the devices Corneometer CM 825, Indentometer
IDM 800, and Cutometer dual MPA 580 (Couraget+Khazaka, Cologne,
Germany) to objectify the effects on the facial skin of a cosmetic emulsion
containing a plant extract. After 30 days of application of the tested product,
they found a reliable improvement in hydration and skin elasticity measured
with a Corneometer and Cutometer, whereas no reliable changes in skin stiffness

were detected with the Identometer.

4.2. Studies of patients

4.2.1. Changes in skin stiffness in systemic scleroderma

The obtained results are shown in Table 6 and Figure 8.

At the forehead and both volar forearms, the IDM values in patients with SS
were significantly lower compared to the control healthy skin. This suggests that
diseased skin is much stiffer than healthy skin.

There were no significant differences between the values of right and left

forearms in patients and controls.
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Table 6. Skin stiffness in patients with systemic scleroderma and healthy

controls (Mean, mean values; SD, standard deviation)

Groups Age Forehead Right forearm Left forearm
3mm | 5mm 3 mm 5mm | 3mm | 5mm

Mean — scleroderma 56.1 1,317 1,030 1,703 1,297 1,691 | 1,296
SD 11.8 0,204 | 0,367 0,323 | 0,358 0,318 | 0,283
t-test patients/

healthy individuals NS | 0,0000 | 0,0000| 0,0001| 0,0001| 0,0000 | 0,0000
Mean — controls 58.4 1,631 | 1,404 1,979 | 1,583 1,989 | 1,617
SD 11.3 0,194 | 0,232 0,226 | 0,219 0,250 | 0,241

B Systemic scleroderma B Controls

mim 3 mm 5 mm

Forehead

3 mm

Right volar forearm

5 mm 3 mm

5 mm

Left volar forearm

Figure 8. Skin stiffness in patients with Systemic scleroderma and healthy

controls. Mean values and standard deviation are shown.
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DISCUSSION

The obtained results showed that in the two anatomical areas measures
(forehead and volar forearms), IDM values are significantly lower in patients
with SS, compared to healthy control subjects. This suggests greater skin
stiffness in SS.

The Indentometer IDM 800 used was able to detect increased skin stiffness in

diseased skin.

Indentometry, especially since the introduction of new devices, has always had

great use in the assessment of skin stiffness in SS.

Falanga and Bucalo (1993) were the first to describe the use of a durometer in
SS. They examined 6 anatomical regions in 12 patients and 12 control subjects
using a durometer combined with the use of a clinical scale. A direct correlation
was found between the clinical scale and the durometer values in all anatomical
regions except the forehead: a higher clinical score correlated with higher
durometer values. Furthermore, the device was able to differentiate the between

different levels of increased stiffness of the skin.

This was also confirmed in the study of Aghassi D. et al. (1995). Using a
durometer, they measured skin stiffness over 12 anatomical areas in 13 patients
with SS and 100 healthy controls. Durometer readings were significantly higher
in patients with SS on the fingers, hands, wrists, forearms, and medial surface of

the arms. The measurements correlated with the clinical scale score.

In their study of patients with SS and healthy controls, Kissin E. et al. (2006)
found a significant correlation between measurements of skin stiffness with a

durometer, clinical assessment with a modified Rodnan skin score, and
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ultrasonographic evaluation of skin thickness in all anatomical regions

examined.

A reliable positive correlation between durometer measurements and modified
Rodnan skin score (mRSS) values was also observed in the studies of Merkel et
al. (2008) and Moon et al. (2012). The correlation was high on the fingers,
hands, forearms, armpits, thighs, and feet, but weak on the chest, abdomen, and
lower legs. This suggests that the first anatomical regions should be considered
when making measurements of skin stiffness with a durometer in patients with
SS.

Our previous study demonstrated that the Indentometer IDM 800 can
successfully be used for the evaluation of skin stiffness in patients with plaque

morphoea and psoriasis vulgaris.

In the present study, we used the Indentometer for the first time to investigate
skin properties in SS. Our results show that the ldentometer can be a successful
alternative to a durometer in skin stiffness studies. It can be useful in the early
diagnosis of the disease and the monitoring of its evolution and therapeutic

response/efficacy.

There were no significant differences between the values of right and left

forearms in patients and controls.
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4.2.2. Changes in skin stiffness in plague morphoea

The obtained results are shown in Table 7 and Figure 9.

Table 7. Skin stiffness in plaque morphoea and healthy controls (Mean — mean

value; SD — standard deviation.)

O Plaque morphoea [OControls

Patients Age PLAQUE MORPHOEA CONTROL
(ys) 3mm 5mm 3 mm 5mm
probe probe probe probe
Mean 54.5 1,461 1,179 1,871 1,489
SD 15.7 0,303 0,326 0,354 0,348
t-test plaque/control 0,0000 0,0013
P=0.0000 P=0.0013
2,5 -
1,871
2,0 1 T
1,461 T 1,489
1,5 - 1 1,173
1 _
1,0 -
0,5 1
0,0
Probe 3 mm Probe 5 mm

Figure 9. Skin stiffness in plague morphoea and healthy controls. Mean values

and standard deviation are shown
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The sclerodermatous skin showed lower IDM values compared to adjacent
normal skin. The penetration depth with a 3 mm probe was 1.461+0.302 mm vs.
1.871£0.351 mm (P<0.001) and with a 5 mm probe — 1.1794+0.335 mm vs.
1.489+0.353 mm (P<0.001). This suggests that the diseased skin is significantly
stiffer than healthy skin.

A statistically significant correlation was observed between the measurements
with 3 mm and 5 mm probes on diseased sclerodermatous skin (R=0.7315;
P<0.05) and control healthy skin (R=0.8145; P<0.05).

Using both probes, low IDM values correlated with severe induration of
sclerodermatous skin (P<0.001) (Figure 10)

2.5

20 ® Probe 3 mm
® Probe 5 mm

1,5

1.0

0,5

0,0

mm-| 0 1 2 3 1 score

Figure 10. Correlation between IDM values and clinical assessment of

scleroderma plaques (n=22; P<0.001 Spearman’s rho)
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DISCUSSION

A variety of methods are used to assess tissue damage and disease severity,
including clinical scales, ultrasound, thermography, computed tomography,

magnetic resonance imaging, laser Doppler flowmetry, and durometry.

In this study, we applied for the first time a new measuring device based on the
principle of indentometry to investigate skin stiffness in patients with plaque

morphoea.

We found that sclerodermatous skin allowed less penetration of the tips of both
probes, suggesting that it was stiffer than the surrounding healthy skin. The
penetration rate of the smaller diameter probe was greater, making it more

sensitive to skin changes.

Our results are consistent with those obtained with durometry.

Durometer measures the skin hardness while Indentometer measures the
stiffness/softness of the skin. The difference between the two methods is that the
durometer values obtained increase in proportion to the severity of the clinical
assessment, while the indentometer values decrease as the clinical assessment

Increases.

Seyger et al. (1997) were the first to compare Durometer values with the clinical
assessment of skin firmness in plaque morphoea. They found that durometer
measurements had low inter- and intra-examiner variability, however, they
showed poor correlation with the clinical score (modified skin score). In another
study, the same authors observed normalization of the durometer values after

treatment of localized scleroderma with low-dose methotrexate.
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In our study, a reliable inverse correlation was observed between the clinical

scale used and the IDM values.

The mechanical properties of the skin in plague morphoea were also
investigated with a vacuum elastometer (Dermaflex). Using it, Serup and
Northeved (1985) determined changes in extensibility, hysteresis, and residual
extensibility of diseased skin in patients with plague scleroderma. A newer
vacuum device (Cutometer) was used in two studies to evaluate phototherapy
with UV Al rays in plague morphoea. Andres et al. (2010) and De Rie et al.
(2003) found that after treatment the elasticity of treated skin increased

compared to control untreated skin.

In conclusion, our results suggest that the new Indentometer IDM 800 used is
suitable for objective and quantitative measurement of skin stiffness. It is able to
distinguish diseased from healthy skin, which is a prerequisite for its future use
to monitor the evolution of the disease and the efficacy of the applied treatment

in case of plague morphoea.
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4.2.3. Changes in skin stiffness in psoriasis vulgaris

The obtained results are shown in Table 8 and Figure 11.

Table 8. Skin stiffness in psoriatic skin and adjacent healthy skin

Psoriasis vulgaris — before treatment

Patient Age Scale PLAQUE CONTROL
Score 3 mm 5mm 3 mm 5mm
0-3 probe probe probe probe
Mean 44.1 2.3 1,422 1,224 1,782 1,486
SD 15.0 0.8 0,260 0,229 0,251 0,263
t-test
plagque/control 0,0000 | 0,0000
t-test
before/after 0.0001 0,0001| 0,0002 NS NS
Psoriasis vulgaris — after treatment
Patient Age Scale PLAQUE CONTROL
Score | 3mm 5mm 3 mm 5mm
0-3 probe probe probe probe
Mean 441 15 1,539 1,375 1,765 1,517
SD| 15.00 0.8 0,250 0,207 0,246 0,220
t-test
plaque/control 0,0000 | 0,0022
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P<0,0001

P<0,001

3.0 1 | |
’ P<0,0001 l P<0,0001
| | |

2.5 - P<0,0001 P<0,01

[ 1,782 | I 1,765 |
2.0 1,422 1,539 1375 1,517

1,224 T

Psoriasis Controls

After treatment

Psoriasis Controls

Before treatment

B Probe 3 mm ®Probe 5 mm

Figure 11. Skin stiffness in the area of psoriatic plaques and adjacent healthy
skin, before and after treatment. (n=46) Significant differences were observed
between psoriatic/control skin, before and after treatment, as well as psoriatic

plaque values before/after treatment.

Before treatment, psoriatic skin showed lower IDM values compared to adjacent
normal skin. Depth of penetration with the 3 mm probe was 1.424+0.26 mm vs.
1.78+0.25 mm (P<0.0001) and with the 5 mm probe was 1.22+0.23 vs.
1.48+0.26 (P<0.0001). This suggests that diseased skin is stiffer than healthy
skin.

After the treatment applied, the values of psoriatic plaques increased reliably
compared to the baseline values, but without reaching the values of normal skin.
The penetration depth with a 3 mm probe was 1.5440.25 mm vs. 1.42+0.26 mm
(P<0.0001) and with a 5 mm probe — 1.37£0.21 mm vs. 1.22+0.23 mm
(P<0.0001). This suggests that the applied treatment resulted in a reduction in

skin induration, which was associated with clinical improvement of the lesions
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(mean clinical induration score 2.3+0.5 before vs. 1.5+£0.5 after treatment;
P<0.001).

Healthy skin values did not change significantly after treatment. The penetration
depth with a 3 mm probe was 1.76+0.25 mm vs. 1.78+0.25 mm (P=0.674) and
with a 5 mm probe — 1.52+0.23 vs. 1.48+0.26 (P=0.412).

After treatment and using both probes, the significant differences between

diseased and control skin remained.

A significant correlation was found between the measurements with the 3 mm
probe and the 5 mm probe, on both diseased and control skin. Using both
probes, low IDM values significantly correlated with more pronounced skin

induration in the area of psoriatic plagues (P<0.001). (Figure 12)

2.5
°

2.0 ® Probe 3 mm
® Probe 5 mm

1,5

1.0

0,5

0,0

mm] 0 1 2 3 4 score

Figure 12. Correlation between IDM values and clinical assessment of skin

induration in psoriatic plaques before treatment (n=42; P<0.001 Spearman’s rho)
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DISCUSSION

The mechanical properties of the skin in PV were studied with two vacuum
devices — Dermaflex and Cutometer. We found no studies with devices based on

the identometric principle in the available literature.

Serup and Northeved (1985) using a suction device (Dermaflex) found lower
skin extensibility and higher hysteresis, and residual extensibility in psoriatic

plagues compared to regional control.

Borroni et al. (1989) also used Dermaflex A to investigate the changes in the
psoriatic plaques induced by PUVA therapy and found a reduction in the

distensibility ans elasticity of the skin.

There were only two studies on skin mechanical properties in PV performed by
means of Cutometer. Dobrev H. (2000) found that psoriatic plagues were
characterized by lower skin distensibility and elasticity, and a higher viscoelastic
to elastic ratio compared with control healthy skin. Delayed skin distension and
hysteresis measured using an 8-mm diameter probe were also increased. These
changes were related to the increased skin thickness of psoriatic plaques. After
treatment, the mechanical properties of the psoriatic plagues were normalized
towards the values of the adjacent control skin. In their study, Kim et al. (2012)
found that the Cutometer R9 parameter (hysteresis) significantly correlated with

the PSI score (Psoriasis Symptom Inventory score).

In the present study, we used for the first time a new indentometry-based device
(Skin Indentometer IDM 800) to investigate changes in stiffness of psoriatic
plaques before and after treatment. Using an indentometer we confirmed that the

skin in the psoriatic plaques had increased stiffness (induration), which
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normalized after the treatment applied. There was a significant negative
correlation between the indentometric values and the clinical assessment of

psoriatic plaques. The IDM results with 3 mm and 5 mm probes were identical.
In conclusion, the new non-invasive indentometric device is suitable for

objective and quantitative assessment of the degree of skin induration in plagque

psoriasis, as well as for evaluation of disease evolution and treatment efficacy.
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5. CONCLUSIONS

1. Anatomical, sex, and age differences in skin stiffness are observed. The skin
of the forehead is stiffer than the skin of volar forearms. The skin of the volar
forearms is stiffer in men than in women. The skin at a young age is stiffer
than the skin at an old age. There is a lack of difference between the right and

left volar forearms.

2. There is no significant correlation between the indentometry and the
epidermal water content, which is why it is not suitable for assessment of the

effectiveness of cosmetic skin care products.

3. The skin of the forehead and volar forearms of patients with systemic

scleroderma shows a higher stiffness than that of healthy subjects.

4. The diseased skin in plague morphoea shows higher stiffness than healthy

skin.

5. The diseased skin in plaque psoriasis shows higher stiffness compared to

healthy skin.

6. Indentometric measurements can be used as an additional diagnostic criterion,
as well as to monitor the effect of the treatment applied in patients with

systemic scleroderma, plague morphoea, and psoriasis vulgaris.

In conclusion, our studies demonstrate the practical value of using the new Skin
Indentometer IM800 device to determine the stiffness of normal and diseased

human skin, as well as to evaluate the effect of treatment applied.
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6. CONTRIBUTIONS

Contributions of an original nature:

1. For the first time, a new device based on the indentometric principle was
applied to determine the changes in the stiffness of healthy skin and

diseased skin in some pathological conditions.

2. For the first time, a new device based on the indentometric principle was
applied to determine the changes in skin stiffness of the psoriatic plaques,

before and after the treatment applied.

Contributions of a confirmatory, but original for Bulgaria, nature:

3. Changes in skin stiffness related to age, sex, and anatomical region were

confirmed.

4. The increased skin stiffness in systemic scleroderma and plague morphoea

was confirmed.

5. The lack of correlation between indentometric measurements of skin stiffness

and epidermal water content was confirmed.

Contributions of a practical and applied nature:

6. For the first time in our country, the use of a modern device for measurement
of the mechanical properties of the skin based on indentometry was

introduced.
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8. SUMMARY

The aim of the dissertation is to investigate the practical value of indentometry
for determining the mechanical properties of healthy and diseased human skin in
Vivo.

In the review part, an overview of the mechanical properties of human
skin and the methods for their research is made. Presented is the modern
apparatus based on the principle of indentometry and its medical application.

The original part presents the results of 5 studies, including a total of 226
individuals, of which 175 healthy individuals and 51 patients with progressive
scleroderma, plaque scleroderma, and psoriasis vulgaris. Indentometer IDM 800
and Corneometer CM 820 (Courage + Khazaka, Cologne, Germany) were used.

Research is grouped into 2 main directions:

1. Studies of the hardness of healthy skin. The results show gender and
regional differences. As we age, there is a decrease in the firmness of the skin as
a result of its aging. There is a positive correlation between measurements made
with 3 mm and 5 mm diameter probes. After a single application of moisturizers,
there is a reliable change in the water content of the epidermis, but the firmness
of the skin remains unchanged. This suggests that indentometry is not suitable
for determining changes in skin water content.

2. Studies of the hardness of pathologically changed skin. The results
show the presence of reliably increased skin hardness in systemic and plaque
scleroderma, with measurements correlating reliably with clinical assessment.
Skin in psoriatic plaques shows increased hardness, with values correlating
reliably with clinical assessment. There is a positive correlation between
measurements made with 3 mm and 5 mm diameter probes. After the applied
treatment, there was a reliable improvement in the indentometric values.

In conclusion, our studies demonstrate the practical value of using the

new Skin Indentometer IM800 apparatus to determine the hardness of normal
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and pathologically changed human skin, as well as to evaluate the effect of
applied treatment.
Key words: mechanical properties, indentometry, moisturizers, systemic

scleroderma, plaque morphoea, psoriasis vulgaris.
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