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Purpose: Our goal was to test the hypothesis that skin firm-

ness correlates with skin hydration.

Methods: Dermal water was assessed by tissue dielectric con-

stant (TDC) at 0.5 mm (TDC0.5) and 2.5 mm (TDC2.5) depths

on four face sites and two arm sites of 35 women

(25.0 � 1.6 years). Firmness was determined by force (mN) to

indent skin to 0.3 mm (F0.3) and 1.3 mm (F1.3).

Results: F0.3 was similar among face sites (avg = 16.2 � 7.2

mN) but F1.3 varied (avg = 32.5 � 4.1 mN). TDC2.5 was similar

among face sites (avg = 37.7 � 4.2) but TDC0.5 varied (avg =
36.2 � 4.8). F1.3 of arm sites was similar (avg = 60.2 � 18.6

mN) and both greater than F1.3 of neck (28.3 � 7.1 mN) and

face. Regression analysis showed a near-zero correlation

between forces and TDC at all sites.

Conclusion: The near-zero correlation may be due to low skin

interstitial hydraulic resistance to mobile water movement in

healthy young skin. If true, then conditions in which dermal

hydraulic conductance is reduced as in lymphedematous, dia-

betic, or aged skin are more likely show the hypothesized rela-

tionship. Our findings provide normalized reference values and

suggest that such persons are an important population to study

to test for a possible skin water–indentation force relationship

and its utilization for early diagnosis.
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MECHANICAL PROPERTIES of skin change with
age and some pathological conditions.

Examples include skin softness, elasticity, and
fibrosis associated with lymphedema progres-
sion subsequent to cancer treatment (1, 2), radi-
ation therapy (3–5), systemic sclerosis (6, 7),
and wound healing (8–11) with some changes
in some of these conditions linked to inflamma-
tory mediators (12). Interestingly, although lym-
phedema-related fibrosis has been associated
with increased interstitial protein, some data
suggest roles for inflammatory mediators (13)
indicating that accumulation of interstitial pro-
tein may not be a sufficient fibrotic causative
mechanism (14) in which experimental data link
fibrosis to further lymphatic dysfunction (15).
Assessments of skin mechanical properties
including skin softness or firmness and elastic
features are thus potentially useful to detect

skin changes that accompany the insidious pro-
gression of pathological process. They may also
be useful to evaluate sequential normal age-
related changes (16–19) that occur for a variety
of age-related mechanisms (20–22) and to track
outcomes of therapeutic interventions designed
to lessen pathological or age-related skin-related
changes.
Various methods have been used to measure

different aspects of skin’s mechanical properties
for widely differing purposes. These include
methods that indent skin statically or dynami-
cally to assess softness or viscoelasticity (16,
23–29), methods that stretch skin, mostly via
suction methods (17, 18, 30–37), and various
imaging methods including ultrasound (4).
Many of these methods essentially depend on
research-type instruments, either specially
designed or often bench bound, that are either

112

Skin Research and Technology 2017; 23: 112–120
Printed in Singapore � All rights reserved
doi: 10.1111/srt.12310

© 2016 John Wiley & Sons A/S.
Published by John Wiley & Sons Ltd

Skin Research and Technology



not generally available or are not suited to
rapid mobile measurements in a busy and time-
pressured clinical environment.
Recently, two hand-held noninvasive portable

devices have become available that may provide
a more convenient and rapid assessment
method that will permit rapid quantitative
assessment of certain aspects of skin mechanical
properties using indentation methods. These
devices indent skin to nominal depths of
0.3 mm and 1.3 mm while automatically record-
ing the force required for the indentation. This
force then becomes a quantitative measure of
the skin’s resistance to deformation. The avail-
ability of these devices allows study of funda-
mental issues related to possible linkage
between skin tissue water and skin mechanical
properties. In this regard, it is widely stated that
skin stiffness and firmness (softness) is largely
influenced by its water content (38) although
this concept is not without detractors (39) and
reported improvements in skin hydration do not
necessarily lead to improved elasticity (40).
However, others have suggested that the water
content of the dermis increases indentation
resistance (41). It was our initial hypothesis that
skin hydration, when measured in upper dermis
and deeper, would in fact directly correlate with
skin softness as assessed by tissue indentation
resistance. Thus, a main goal of this study was
to test this hypothesis by comparing indices of
local skin water via tissue dielectric constant
(TDC) measurements (42–49) with skin indenta-
tion forces measured at the same skin targets.
Further, because the devices used to measure
indentation forces are relatively new and little is
known about the range of values to be expected,
a secondary goal was to provide such back-
ground reference values for future potential
clinical uses that might include assessments of
facial skin conditions and skin fibrosis in per-
sons treated for breast or head and neck cancer.

Methods

Subjects
Eligibility was restricted to females aged 18–
30 years who had not had prior injectable fillers
in their face, neck, or arm. All participants were
health professional students at Nova Southeast-
ern University who were recruited around cam-
pus for this study. Research study goals and
procedures were explained to all potential

participants and any who chose to participate
signed a consent form that was approved by the
university institutional review board. Subjects
were 35 Caucasian women with ages between
23 and 29 years with age (mean � SD) of
25.0 � 1.6 years. Body mass index (BMI) range
was 16.9–34.9 kg/m2 (22.8 � 4.1 kg/m2). Total
body fat (TBF) percentage, measured as
described subsequently, ranged from 14.2 to
49.8% (28.9 � 7.6) and total body water percent
(TBW) ranged from 38.2 to 62.4% (52.5 � 5.3). A
tentative ‘healthy’ TBF range for Caucasian
women in the age range of the present study is
21–32% (50). Accordingly, 26 subjects (74.3%)
would be classed as within the healthy range, 2
(5.7%) as under fat and 7 (20%) as over fat.
Based on BMI criteria, 2 (5.7%) were classed as
underweight (BMI <18.5 kg/m2), 27 (77.1%)
were 18.5–24.9 kg/m2, 3 (8.6%) were overweight
(BMI 25–29.9 kg/m2), and 3 (8.6%) were classed
as obese (BMI ≥30 kg/m2). Each subject com-
pleted a Fitzpatrick skin questionnaire from
which their Fitzpatrick score and skin type were
determined (51). Scores and skin types were
25.4 � 5.6 and 3.6 � 0.9, respectively. For skin
type, 3 subjects were classed as type II (8.6%), 14
(40%) as type III, 13 (37.1%) as type IV, and 5
subjects as type V (14.3%). For the group, 19
(54.3%) were currently taking oral birth control
and 6 (17.1%) had experienced moderate-to-
severe facial acne previously. None were smok-
ers. At measurement, time from the end of the
last menstrual cycle was 13.6 � 10.5 days.

Anatomical sites for measurements
Sites measured in this study included four face
sites (A, B, C, and D), two neck sites (N1 and
N2) and two arm sites (F1 and F2). Locations of
the face sites (Fig. 1) were as follows; A was
2 cm anterior to the midline of the tragus, C
was 2 cm lateral and inferior to the commissure
of the mouth, B was halfway between A and C,
and D was 1 cm lateral and 2 cm superior to
the commissure of the mouth. Neck sites N1
and N2 were 8 cm and 10 cm inferior to face
site B. Arm sites A1 and A2 (not shown) were
located on the anterior forearm 6 cm distal to
the antecubital fossa (A1) and on the anterior
biceps 6 cm proximal to the antecubital fossa
(A2). All measured sites were on the right side
of the body and all measurements were made
with subjects seated.
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Indentation force measurements
To measure skin tissue firmness, the indentation
force in milliNewtons (mN) required to indent
skin to 0.3 mm (F0.3) or to 1.3 mm (F1.3) was
determined using two commercially available
hand-held battery-operated devices. One was
the ElastiMeter (0.3 mm) and the other the
SkinFibroMeter (1.3 mm) both made by Delfin
Technologies, Kuopio Finland. In use, skin is
lightly touched whereupon a small indenter
approximately 2 mm in diameter is caused to
deform skin inwardly with the resultant force
recorded and displayed on a window on the
front of the device. Each device is equipped
with internal sensors that accept measurements
only within prescribed limits of force and veloc-
ity. This means that if an applied force is too
large or applied too slowly or rapidly, the soft-
ware contained within the device prompts to
repeat the measurement until it is within the set
limitations of the device. A single recorded
value is obtained as the average of five accept-
able sequential measurements made rapidly in
succession. The time to make these five sequen-
tial measurements at a single site is about 5 s.
In the present protocol, each site was measured
completely five separate times. F1.3 was

determined at all sites (face, neck, and arm),
whereas F0.3 was determined only at face sites.

Tissue dielectric constant (TDC) measurements
Tissue dielectric constant, which is the ratio of
the skin tissue dielectric constant to that of a
vacuum, was measured at 300 MHz using two
commercially available hand-held battery-oper-
ated devices that function in a manner similar
to an open-ended coaxial transmission line (47,
49, 52). At 300 MHz, TDC values are sensitive
to both free (mobile) and bound water within
the measurement volume (53, 54). The
devices are made by Delfin Technologies and
are stated to measure TDC values to depths
below the skin surface of about 0.5–1.0 mm
(MoistureMeterEpiD) and 2.5 mm (Mois-
tureMeterDCompact). Although both devices
convert and show values as percentage water,
the present results give the actually measured
TDC values, which for reference is about 76 for
water at 32°C. Many reports regarding the phy-
sics (46, 49, 55–57) and use of TDC measure-
ments are available (42, 58–62), but the compact
devices herein used are relatively newer and
their reported use in the literature is more lim-
ited although values obtained are similar with
those previously reported (58). In the present
study, both TDC measuring devices were tested
against known values for various ethanol/water
concentrations to insure intrinsic accuracy. All
such measurements agreed with published val-
ues within �2.5%. In use, the device is applied
to the skin for about 8–10 s whereupon a 300-
MHz signal that is generated within the device
is transmitted to the tissue with a portion of the
incident electromagnetic wave reflected in an
amount that depends on the dielectric constant
of the tissue. Herein, face (A-B-C-D) and arm
sites (A1 and A2) were measured to depths of
0.5–1.0 mm (TDC0.5) and 2.5 mm (TDC2.5) five
separate times. No TDC measurements were
made on the neck.

Protocol and procedures
All indentation force and TDC measurements
were made by the same investigator, while sub-
jects were seated in a room in which measure-
ments could be done with minimum
distractions. Prior to measurement start and
while subjects were acclimating in a seated

C

B

A
D

N1

N2

Fig. 1. Measurement sites on the face and neck. Face site A is 2 cm
anterior to the tragus, and site C is 2 cm lateral and inferior to the
commissure of the mouth. Site B is located halfway between sites A
and C, while site D is 1 cm lateral and 2 cm superior to the com-
missure of the mouth. Neck sites N1 and N2 are located 8 and
10 cm inferior to face site B, respectively. Not shown are arm sites
A1 and A2 that were, respectively, 6 cm distal and 6 cm proximal
to the antecubital fossa on the anterior arm.

114

Mayrovitz et al.



position, the study was explained, the informed
consent was signed, and a Fitzpatrick skin scale
questionnaire was completed. Thereafter, target
sites were marked with a surgical pen for refer-
ence. During this and the prior acclimation
time, subjects were comfortably seated with
right forearm resting on a flat table. The first set
of measurements was on the face with measure-
ments proceeding from A to B to C to D. This
measurement sequence A-B-C-D was repeated
five times for each parameter in the following
temporal order (1) F1.3, (2) F0.3, (3) TDC0.5, and
(4) TDC2.5. The set of five face measurements
for each parameter was completed before doing
the next parameter measurement set. The com-
plete facial measurement set took about 12 min.
Neck F1.3 measurements were done next alter-
nating between N1 and N2 until five complete
sets were obtained. Finally, arm measurements
were done alternating between A1 and A2 in
the sequential order of F1.3, TDC0.5, and TDC2.5

with each parameter measured five times prior
to measuring the next parameter. The neck and
arm measurements together took about 5 min
to complete. At the end of these measurements,
each subject stood barefoot on a body composi-
tion scale (Tanita BC-558, Tokyo, Japan) while
gripping an electrode in each hand to determine
their weight, TBF percentage, and total body
water percentages (TBW). This device measures
the electrical impedance of the body at 50 kHz
which together with gender, age and height
provide input to a company private algorithm
that is based on a model representation of the
body components to estimate fat and water.

Results

Face skin parameter values by location
As summarized in Table 1, face sites A and D
had the greatest resultant forces for indentations

of 0.3 and 1.3 mm with F0.3 and F1.3 measured at
A and D being significantly greater than force val-
ues measured at sites B and C (P < 0.01). The lar-
gest mean percentage differences among sites for
F1.3 were between sites A and C with a mean dif-
ference of 10.7 � 8.6% and between sites D and C
for F0.3 with a mean difference of 7.7 � 7.3%. At
every measured facial site, the larger indentation
force F1.3 was significantly greater than the corre-
sponding F0.3 (P < 0.001). Face site A had the
greatest TDC0.5 value that was significantly
greater than all other sites (P < 0.001). The largest
mean percentage differences among sites for
TDC0.5 were between sites A and B with a mean
difference of 6.5 � 7.3%. Contrastingly, face sites
C and D demonstrated the largest TDC2.5 values
which were significantly greater than those mea-
sured at sites A and B (P < 0.01). The largest
mean difference was between sites C and B with
a mean difference of 2.6 � 2.8%. At each site,
TDC0.5 differed significantly from TDC2.5

(P < 0.01) although only face site A was TDC0.5

greater than TDC2.5, whereas it was less than
TDC2.5 at the other face sites (P < 0.01).

Forearm and neck skin parameter values
As summarized in Table 2, F1.3 did not signifi-
cantly differ between forearm and biceps
58.8 � 21.5 vs. 61.6 � 18.0 mN with an arm
average value of 60.2 � 18.6 mN. But, ear arm
value was significantly greater than at neck
sites which averaged 28.3 � 7.1 mN, P < 0.001.
F1.3 also did not differ between the two mea-
sured neck sites separated by two cm. TDC0.5

and TDC2.5 also did not differ significantly
between forearm and biceps with the average
of the forearm and biceps arm values for F0.5
and F2.5 being 32.0 � 4.2 and 27.0 � 4.1, respec-
tively. TDC0.5 was significantly greater than
TDC2.5 at both arm sites (P < 0.001).

TABLE 1. Face skin parameter values by location

Parameter

Location on face

A B C D Average

F0.3 16.9 � 3.5* 14.7 � 3.0 14.4 � 4.3 18.8 � 4.0* 16.2 � 7.2

F1.3 41.0 � 16.3* 27.2 � 7.6 25.3 � 6.7 36.5 � 8.6* 32.5 � 4.1

TDC0.5 40.2 � 5.3† 31.4 � 8.5 36.8 � 6.2 36.4 � 5.7 36.2 � 4.8

TDC2.5 35.9 � 4.7 35.7 � 4.2 39.9 � 5.6‡ 39.4 � 5.2‡ 37.7 � 4.2

F0.3 and F1.3 are resultant forces (mN) to indentations of 0.3 and 1.3 mm. TDC0.5 and TDC2.5 are tissue dielectric constants measured to effective

depths of 0.5 and 2.5 mm. Values are mean � SD for N = 35 female subjects. Locations A, B, C, and D are as in Fig. 1. Force values at A and D were

greater than at B and C (*P < 0.01). At all sites, F1.3 was significantly greater than F0.3 (P < 0.001). TDC0.5 was greatest at site A (†P<0.01 compared

to all other sites). TDC2.5 at sites C and D was larger than at sites A and B (‡P<0.01). At each site, TDC0.5 differed significantly from TDC2.5 (P < 0.01).
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Correlations among parameters
Based on a total of 140 separate face measure-
ments (35 subjects 9 4 face sites/subject), there
was a highly significant linear positive correla-
tion (r = 0.723, P < 0.001) between F0.3 and F1.3
(Fig. 2) in which the linear regression equation is
given by F1.3 = 1.75 F0.3 + 2.97 mN. The correla-
tion between TDC0.5 and TDC2.5 was also signif-
icant (r = 0.318, P < 0.001) with an overall
linear regression equation given by TDC0.5 =
0.429 TDC2.5 +19.9. However, no significant cor-
relation between face F0.3 or F1.3 values and
either of the measured face TDC parameter
could be demonstrated (Fig. 3). Similar results
were found for arm measurements which had a
significant positive correlation (r = 0.777,
P < 0.001) between TDC0.5 and TDC2.5 with a
regression equation TDC0.5 =0.8TDC2.5 +11 but
there was essentially no correlation between
arm F1.3 values and either TDC0.5 or TDC2.5 as
shown in Fig. 4. Tests for correlations between
any measured skin parameter and total body

fat, total body water, and Fitzpatrick skin score
also showed no statistical significance. But, as
expected, total body fat percentage and body
mass index were highly correlated (r = 0.785,
P < 0.001).

Discussion

Parameter variations with menstrual cycle and
Fitzpatrick score
The fact that there was no correlation between
the time point within the menstrual cycle and
measured TDC values that are reflective of skin
water changes is consistent with a prior report
(45) in which TDC values were assessed on the
forearm of young women at various phases of
their menstrual cycle. Therein no relationship
was found between TDC values and the phase
of menstrual cycle in which measurements were
made. The present findings confirm this for the
forearm values and extend this prior observa-
tion to include the four measured facial areas
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Fig. 2. Facial indentation forces. Data points are from a total of 140
separate face indentation measurements (35 subjects 9 4 face sites/
subject) to 0.3 mm (F0.3) and 1.3 mm (F1.3) expressed in mN. There
was a highly significant linear positive correlation (r = 0.723,
P < 0.001) between F0.3 and F1.3 in which the linear regression
equation is given by F1.3 = 1.75 F0.3 + 2.97 mN.

TABLE 2. Arm and neck skin parameter values

Parameter

Anatomical location

Forearm Biceps Arm AVG Neck A Neck B Neck AVG

F1.3 58.8 � 21.5 61.6 � 18.0 60.2 � 18.6* 29.2 � 9.3 27.3 � 11.3 28.3 � 7.1

TDC0.5 31.8 � 4.2† 32.3 � 4.4† 32.0 � 4.2†
TDC2.5 27.4 � 4.2 26.6 � 4.2 27.0 � 4.1

F1.3 is the resultant force (mN) to 1.3 mm indentation and TDC0.5 and TDC2.5 are TDC values measured to effective depths of 0.5 and 2.5 mm. Values

are mean � SD for N = 35 female subjects. Forearm is on anterior forearm and biceps is on anterior biceps. Neck A and neck B are lateral neck sites

separated by 2 cm. F1.3 did not significantly differ between the two arm sites or between the two neck sites, but F1.3 on arm was significantly greater

than on neck (*P < 0.001). Neither TDC0.5 nor TDC2.5 differed significantly between arm sites, but TDC0.5 was significantly greater than TDC2.5

(†P < 0.001) at both arm sites.
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Fig. 3. Absence of TDC–force correlation in face measurements.
Values are TDC–F1.3 pairs for TDC depths of 0.5 mm (open square)
and 2.5 mm (closed square). Regression lines indicate near-zero
correlation among parameters.
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for shallow (0.5 mm) and deeper (2.5 mm) skin
depths. Although we have failed to demon-
strate such TDC changes, others have indicated
that various skin dermatoses are linked to men-
strual cycle phases (63). Further, the absence of
a measureable menstrual cycle-related differ-
ence in this and prior studies is in opposition to
the concept that estrogen, via an induced
increase in dermal hyaluronic acid, causes an
increase in dermal water (64). It may be that
such estrogen-linked changes are sufficiently
subtle as to not be detected by the present mea-
surements. The present results also indicate no
detectible menstrual-related relationship
between indentation force as measured on face,
neck, or forearm. As far as we are able to deter-
mine, no other indentation data of the type
herein obtained are available for comparison.
However, forearm skin extensional data that
were compared between day 10 and day 25 of
the menstrual cycle in 20 women of the age
range herein used suggested the possibility of a
change in extensional properties (65). The fact
that we detected no correlation between any
measured skin parameter is consistent with
data that compared hydration of the stratum
corneum with various forced extensional skin
parameters (66).

Parameter variations among sites
The finding that indentation-related forces var-
ied among face, neck, and forearm is not incon-
sistent with site dependence as demonstrated

by the presence of extensional and recovery dif-
ferences of these sites in a subgroup of women
(N = 30) with an age range similar to the pre-
sent group (18). These authors used Cutometer
technology to measure various extensional
parameters at cheek, neck, and forearm and
found significantly greater initial skin extension
(Ue) at neck and least at cheek with recovery
parameters least at cheek although most param-
eter values have been found to significantly cor-
relate among sites (17). Herein, the face site
most closely associated with the cheek is face
site B that had an indentation force significantly
less than found on either arm site although no
significant difference between cheek and neck
was observed. We conclude from this that
although variations in skin mechanical proper-
ties are anatomical site dependent, the nature of
this variability depends on whether extensional
or compressional assessments are done. This
observation would be consistent with prior
comparisons that found weak correlations
between forearm skin indentation and suction
parameters (16). Further, the wide variation in
indentation resistance found among the four
facial sites in the present work especially for
indentation depths of 1.3 mm indicates to us
that care must be used to clearly specify facial
site locations used in any comparison study.
Similar words of caution may be suggested

for facial TDC measurements and for compar-
isons among widely separated anatomical sites
especially at shallow measurement depths of
0.5 mm. Average facial TDC values varied by
28% between sites A and B when measured to
a depth of 0.5 mm but were nearly identical at
a depth of 2.5 mm. This suggests that a major
source of variability between these sites resides
in the dermal water content since the dermis is
the main component measured to a depth of
0.5 mm, whereas measurements to 2.5 mm
include varying portions of subcutaneous fat.
Because fat holds less water, it causes a lowered
TDC value and would likely buffer effects of
pure dermal water variations. This then might
smooth out net TDC values among facial sites
as in fact was observed. In contrast to the facial
TDC variations, TDC measurements between
forearm and biceps were remarkably similar
and demonstrated the expected decrease in
TDC value with increasing depth attributable to
the inclusion of larger amounts of low water-
holding fat.
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Fig. 4. Absence of TDC–force correlation in arm measurements.
Values are TDC–F1.3 pairs for TDC depths of 0.5 mm (open square)
and 2.5 mm (closed square). As in the case of the face measurements,
arm regression lines indicate near-zero correlation among
parameters.
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Indentation force–TDC relationships
A major finding of the present study was the
absence of any significant correlation between
skin softness as measured by indentation force
and TDC values measured at the same sites that
served as a surrogate measure of skin water
content. This finding was contrary to our
hypothesized relationship in which we expected
there to be a positive association between
indentation force and TDC values. As is clear
from Fig. 3, the correlation coefficients were
near zero with a TDC range of at least 2 : 1;
thus, the possibility of the present study not
being sufficiently powered is an unlikely expla-
nation. Thus, the absence of a relationship
would appear to be real and a possible explana-
tion is called for and would be useful.
Although it has been shown that epidermal

relative hydration may be associated with alter-
ations in extensional properties of skin (67–69),
it appears that indentation is much more
dependent on dermal properties and hydration
state at least for small indentation depths (24).
The present indentation depths of 0.3 and
1.3 mm are not large deformations, and given
the essentially incompressible features of water,
we would suggest the following as a possible
explanation to account for the absence of the
hypothesized relationship.
If water is free to move (mobile water), then

skin’s indentation resistance, herein quantified
as indentation force for a fixed indentation
depth, depends on the ease with which dermal

water can flow or diffuse in response to the
imposed indentation force. In healthy young
skin tissue as herein evaluated although much
is bound water (38, 70), resistance to water
mobile water movement is low as compared to
skin interstitium subjected to significant edema
or collagen linkage as in early fibrosis or other
skin conditions. Thus, we would speculate that
despite the fairly wide range in measured
TDC values among the young women evalu-
ated, the dermal water ranges that these repre-
sent were not sufficiently large to substantially
restrict water movement away from the sites
of indentation. If true, then the indentation
force would be largely dependent on other tis-
sue factors and not the compressibility of lar-
ger amounts of water and there would be no
correlation between TDC and indentation force.
If this speculative explanation were true, then
conditions in which the hydrodynamic conduc-
tance of the dermis interstitium was compro-
mised would more likely demonstrate a direct
relationship between dermal water content and
indentation force. One such condition occurs in
persons with lymphedema in which lymphatic
flow pathways are compromised causing
increased interstitial flow resistance (71). The
present findings besides setting out reference
values suggest that such persons would be an
important population to study to further test
for a possible skin water- indentation force
relationship and its utilization for early
diagnosis.

References

1. Deng J, Ridner SH, Wells N, Diet-
rich MS, Murphy BA. Development
and preliminary testing of head
and neck cancer related external
lymphedema and fibrosis assess-
ment criteria. Eur J Oncol Nurs
2015; 19: 75–80.

2. Rockson SG. The lymphatics and
the inflammatory response: lessons
learned from human lymphedema.
Lymphat Res Biol 2013; 11: 117–
120.

3. Avraham T, Yan A, Zampell JC,
Daluvoy SV, Haimovitz-Friedman A,
Cordeiro AP et al. Radiation therapy
causes loss of dermal lymphatic ves-
sels and interferes with lymphatic
function by TGF-beta1-mediated tis-
sue fibrosis. Am J Physiol Cell Phys-
iol 2010; 299: C589–C605.

4. Huang YP, Zheng YP, Leung SF,
Choi AP. High frequency ultra-
sound assessment of skin fibrosis:
clinical results. Ultrasound Med
Biol 2007; 33: 1191–1198.

5. Johansson S, Svensson H, Dene-
kamp J. Dose response and latency
for radiation-induced fibrosis,
edema, and neuropathy in breast
cancer patients. Int J Radiat Oncol
Biol Phys 2002; 52: 1207–1219.

6. Giordano N, Puccetti L, Papakostas
P et al. Bosentan treatment for
Raynauds phenomenon and skin
fibrosis in patients with systemic
sclerosis and pulmonary arterial
hypertension: an open-label, obser-
vational, retrospective study. Int J
Immunopathol Pharmacol 2010; 23:
1185–1194.

7. Maurer B, Graf N, Michel BA
et al. Prediction of worsening of

skin fibrosis in patients with
diffuse cutaneous systemic sclero-
sis using the EUSTAR database.
Ann Rheum Dis 2015; 74: 1124–
1131.

8. Yang LL, Liu JQ, Bai XZ, Fan L,
Han F, Jia WB, Su LL, Shi JH, Tang
CW, Hu DH. Acute downregula-
tion of miR-155 at wound sites
leads to a reduced fibrosis through
attenuating inflammatory response.
Biochem Biophys Res Commun
2014; 453: 153–159.

9. Kendall RT, Feghali-Bostwick CA.
Fibroblasts in fibrosis: novel roles
and mediators. Front Pharmacol
2014; 5: 123.

10. Van De Water L, Varney S,
Tomasek JJ. Mechanoregulation of
the myofibroblast in wound con-
traction, scarring, and fibrosis:
opportunities for new therapeutic

118

Mayrovitz et al.



intervention. Adv Wound Care
(New Rochelle) 2013; 2: 122–141.

11. Rybinski B, Franco-Barraza J,
Cukierman E. The wound healing,
chronic fibrosis, and cancer pro-
gression triad. Physiol Genomics
2014; 46: 223–244.

12. Shaw TJ, Kishi K, Mori R. Wound-
associated skin fibrosis: mechanisms
and treatments based on modulat-
ing the inflammatory response.
Endocr Metab Immune Disord Drug
Targets 2010; 10: 320–330.

13. Avraham T, Zampell JC, Yan A,
Elhadad S, Weitman ES, Rockson
SG, Bromberg J, Mehrara BJ. Th2
differentiation is necessary for soft
tissue fibrosis and lymphatic dys-
function resulting from lym-
phedema. FASEB J 2013; 27: 1114–
1126.

14. Markhus CE, Karlsen TV, Wagner
M, Svendsen OS, Tenstad O, Ali-
talo K, Wiig H. Increased intersti-
tial protein because of impaired
lymph drainage does not induce
fibrosis and inflammation in lym-
phedema. Arterioscler Thromb
Vasc Biol 2013; 33: 266–274.

15. Avraham T, Clavin NW, Daluvoy
SV, Fernandez J, Soares MA, Cor-
deiro AP, Mehrara BJ. Fibrosis is a
key inhibitor of lymphatic regener-
ation. Plast Reconstr Surg 2009;
124: 438–450.

16. Boyer G, Laquieze L, Le Bot A,
Laquieze S, Zahouani H. Dynamic
indentation on human skin
in vivo: ageing effects. Skin Res
Technol 2009; 15: 55–67.

17. Krueger N, Luebberding S, Olt-
mer M, Streker M, Kerscher M.
Age-related changes in skin
mechanical properties: a quantita-
tive evaluation of 120 female sub-
jects. Skin Res Technol 2011; 17:
141–148.

18. Luebberding S, Krueger N, Ker-
scher M. Mechanical properties of
human skin in vivo: a comparative
evaluation in 300 men and women.
Skin Res Technol 2014; 20: 127–
135.

19. Pierard GE, Henry F, Castelli D,
Ries G. Ageing and rheological
properties of facial skin in women.
Gerontology 1998; 44: 159–161.

20. Makrantonaki E, Zouboulis CC.
Molecular mechanisms of skin
aging: state of the art. Ann N Y
Acad Sci 2007; 1119: 40–50.

21. Waller JM, Maibach HI. Age and
skin structure and function, a
quantitative approach (II): protein,
glycosaminoglycan, water, and
lipid content and structure. Skin
Res Technol 2006; 12: 145–154.

22. Waller JM, Maibach HI. Age and
skin structure and function, a
quantitative approach (I): blood
flow, pH, thickness, and ultra-
sound echogenicity. Skin Res Tech-
nol 2005; 11: 221–235.

23. Clancy NT, Nilsson GE, Anderson
CD, Leahy MJ. A new device for
assessing changes in skin vis-
coelasticity using indentation and
optical measurement. Skin Res
Technol 2010; 16: 210–228.

24. Hartzshtark A, Dikstein S.
Mechanical testing of human skin
in vivo (a provocative review
aimed to stimulate a physiological-
pharmacological approach). Rev
Pure Appl Pharmacol Sci 1982; 3:
83–122.

25. Jemec GB. Measuring skin
mechanics. The soft touch in a
hard environment? Skin Res Tech-
nol 2001; 7: 72.

26. Lanir Y, Dikstein S, Hartzshtark A,
Manny V. In-vivo indentation of
human skin. J Biomech Eng 1990;
112: 63–69.

27. Mayrovitz HN. Assessing lym-
phedema by tissue indentation
force and local tissue water. Lym-
phology 2009; 42: 88–98.

28. Mayrovitz HN, Davey S. Changes
in tissue water and indentation
resistance of lymphedematous
limbs accompanying low level
laser therapy (LLLT) of fibrotic
skin. Lymphology 2011; 44: 168–
177.

29. Nakatani M, Fukuda T, Arakawa
N, Kawasoe T, Omata S. Softness
sensor system for simultaneously
measuring the mechanical proper-
ties of superficial skin layer and
whole skin. Skin Res Technol 2013;
19: e332–e338.

30. Diridollou S, Patat F, Gens F, Vail-
lant L, Black D, Lagarde JM, Gall
Y, Berson M. In vivo model of the
mechanical properties of the
human skin under suction. Skin
Res Technol 2000; 6: 214–221.

31. Hacard F, Machet L, Caille A, Tau-
veron V, Georgescou G, Rapeneau
I et al. Measurement of skin thick-
ness and skin elasticity to evaluate
the effectiveness of intensive
decongestive treatment in patients
with lymphoedema: a prospective
study. Skin Res Technol 2014; 20:
274–281.

32. Hua W, Xie H, Chen T, Li L. Com-
parison of two series of non-inva-
sive instruments used for the skin
physiological properties measure-
ments: the ‘Soft Plus’ from Calle-
gari S.p.A vs. the series of
detectors from Courage &

Khazaka. Skin Res Technol 2014;
20: 74–80.

33. Jemec GB, Selvaag E, Agren M,
Wulf HC. Measurement of the
mechanical properties of skin with
ballistometer and suction cup. Skin
Res Technol 2001; 7: 122–126.

34. Luebberding S, Krueger N, Ker-
scher M. Skin physiology in men
and women: in vivo evaluation of
300 people including TEWL, SC
hydration, sebum content and skin
surface pH. Int J Cosmet Sci 2013;
35: 477–483.

35. Neto P, Ferreira M, Bahia F, Costa
P. Improvement of the methods
for skin mechanical properties
evaluation through correlation
between different techniques and
factor analysis. Skin Res Technol
2013; 19: 405–416.

36. Ohshima H, Tada A, Kanamaru A,
Akamatsu H, Sakai Y, Itoh M et al.
Relevance of the directionality of
skin elasticity to aging and sagging
of the face. Skin Res Technol 2011;
17: 101–107.

37. Paye M, Mac-Mary S, Elkhyat A,
Tarrit C, Mermet P, Humbert PH.
Use of the Reviscometer for mea-
suring cosmetics-induced skin sur-
face effects. Skin Res Technol 2007;
13: 343–349.

38. Gniadecka M, Nielsen OF, Wessel
S, Heidenheim M, Christensen
DH, Wulf HC. Water and protein
structure in photoaged and chroni-
cally aged skin. J Invest Dermatol
1998; 111: 1129–1133.

39. Wiechers JM, Barlow T. Skin mois-
turisation and elasticity originate
from at least two different mecha-
nisms. Int J Cosmet Sci 1999; 21:
425–435.

40. Wanitphakdeedecha R, Eimpunth
S, Manuskiatti W. The effects of
mucopolysaccharide polysulphate
on hydration and elasticity of
human skin. Dermatol Res Pract
2011; 2011: 807906.

41. Manny-Aframaian V, Dikstein S.
Indentometry. In: Serup J and
Jemec GBE, eds. Handbook of
Non-Invasive Methods and the
Skin. Boca Raton, FL: CRC Press;
1995: 349–352.

42. Mayrovitz HN. Local tissue water
assessed by measuring forearm
skin dielectric constant: depen-
dence on measurement depth, age
and body mass index. Skin Res
Technol 2010; 16: 16–22.

43. Mayrovitz HN, Weingrad DN,
Davey S. Local tissue water in
at-risk and contralateral forearms
of women with and without
breast cancer treatment-related

119

Skin indentation resistance



lymphedema. Lymphat Res Biol
2009; 7: 153–158.

44. Mayrovitz HN, Davey S, Shapiro
E. Local tissue water assessed by
tissue dielectric constant: anatomi-
cal site and depth dependence in
women prior to breast cancer treat-
ment-related surgery. Clin Physiol
Funct Imaging 2008; 28: 337–342.

45. Mayrovitz HN, Brown-Cross D,
Washington Z. Skin tissue water
and laser Doppler blood flow dur-
ing a menstrual cycle. Clin Physiol
Funct Imaging 2007; 27: 54–59.

46. Nuutinen J, Ikaheimo R, Lahtinen
T. Validation of a new dielectric
device to assess changes of tissue
water in skin and subcutaneous
fat. Physiol Meas 2004; 25: 447–
454.

47. Alanen E, Lahtinen T, Nuutinen J.
Measurement of dielectric proper-
ties of subcutaneous fat with open-
ended coaxial sensors. Phys Med
Biol 1998; 43: 475–485.

48. Gabriel S, Lau RW, Gabriel C. The
dielectric properties of biological
tissues: II. Measurements in the
frequency range 10 Hz to 20 GHz.
Phys Med Biol 1996; 41: 2251–2269.

49. Aimoto A, Matsumoto T. Noninva-
sive method for measuring the
electrical properties of deep tissues
using an open-ended coaxial
probe. Med Eng Phys 1996; 18:
641–646.

50. Gallagher D, Heymsfield SB, Heo
M, Jebb SA, Murgatroyd PR, Saka-
moto Y. Healthy percentage body
fat ranges: an approach for devel-
oping guidelines based on body
mass index. Am J Clin Nutr 2000;
72: 694–701.

51. Fitzpatrick TB. The validity and
practicality of sun-reactive skin
types I through VI. Arch Dermatol
1988; 124: 869–871.

52. Stuchly MA, Athey TW, Samaras
GM, Taylor GE. Measurement of
radio frequency permittivity of
biological tissues with an open-
ended coaxial line: Part II – experi-
mental results. IEEE Trans, MTT
1982; 30: 87–92.

53. Schwan HP. Electrical properties
of bound water. Ann NY Acad Sci
1965; 125: 344–354.

54. Pennock BE, Schwan HP. Further
observations on the electrical prop-
erties of hemoglobin-bound water.
J Phys Chem 1969; 73: 2600–2610.

55. Stuchly MA, Athey TW, Stuchly
SS, Samaras GM, Taylor G. Dielec-
tric properties of animal tissues
in vivo at frequencies 10 MHz–
1 GHz. Bioelectromagnetics 1981;
2: 93–103.

56. Athey TW, Stuchly MA, Stuchly
SS. Measurement of radio fre-
quency permittivity of biological
tissues with an open-ended coaxial
line: Part I. IEEE Trans, MTT 1982;
30: 82–86.

57. Alanen E, Lahtinen T, Nuutinen J.
Variational formulation of open-
ended coaxial line in contact with
layered biological medium. IEEE
Trans Biomed Eng 1998; 45: 1241–
1248.

58. Mayrovitz HN, Weingrad DN,
Brlit F, Lopez LB, Desfor R. Tissue
dielectric constant (TDC) as an
index of localized arm skin water:
differences between measuring
probes and genders. Lymphology
2015; 48: 15–23.

59. Mayrovitz HN, Grammenos A,
Corbitt K, Bartos S. Age-related
changes in male forearm skin-to-
fat tissue dielectric constant at
300 MHz. Clin Physiol Funct
Imaging 2015; 12: 111–111.

60. Mayrovitz HN, Grammenos A,
Corbitt K, Bartos S. Young adult
gender differences in forearm skin-
to-fat tissue dielectric constant val-
ues measured at 300 MHz. Skin
Res Technol 2016; 22: 81–88.

61. Mayrovitz HN, Singh A, Akolkar
S. Age-related differences in tissue
dielectric constant values of female
forearm skin measured noninva-
sively at 300 MHz. Skin Res Tech-
nol 2016; 22: 189–195.

62. Jensen MR, Birkballe S, Norre-
gaard S, Karlsmark T. Validity and
interobserver agreement of lower
extremity local tissue water mea-
surements in healthy women using
tissue dielectric constant. Clin
Physiol Funct Imaging 2012; 32:
317–322.

63. Raghunath RS, Venables ZC,
Millington GW. The menstrual

cycle and the skin. Clin Exp Der-
matol 2015; 40: 111–115.

64. Shah MG, Maibach HI. Estrogen
and skin. An overview. Am J Clin
Dermatol 2001; 2: 143–150.

65. Berardesca E, Gabba P, Farinelli N,
Borroni G, Rabbiosi G. Skin exten-
sibility time in women. Changes in
relation to sex hormones. Acta
Derm Venereol 1989; 69: 431–433.

66. Choi JW, Kwon SH, Huh CH, Park
KC, Youn SW. The influences of
skin visco-elasticity, hydration
level and aging on the formation
of wrinkles: a comprehensive and
objective approach. Skin Res Tech-
nol 2013; 19: e349–e355.

67. Overgaard Olsens L, Jemec GB.
The influence of water, glycerin,
paraffin oil and ethanol on skin
mechanics. Acta Derm Venereol
1993; 73: 404–406.

68. Jemec GB, Serup J. Epidermal
hydration and skin mechanics. The
relationship between electrical
capacitance and the mechanical
properties of human skin in vivo.
Acta Derm Venereol 1990; 70: 245–
247.

69. Jemec GB, Serup J. Short-term
effects of topical 17 beta-oestradiol
on human post-menopausal skin.
Maturitas 1989; 11: 229–234.

70. Gniadecka M, Faurskov Nielsen O,
Christensen DH, Wulf HC. Struc-
ture of water, proteins, and lipids
in intact human skin, hair, and
nail. J Invest Dermatol 1998; 110:
393–398.

71. Mayrovitz HN. The standard of
care for lymphedema: current con-
cepts and physiological considera-
tions. Lymphat Res Biol 2009; 7:
101–108.

Address:
Harvey N. Mayrovitz, PhD
Professor of Physiology
College of Medical Sciences
Nova Southeastern University
3200 S. University Drive
Ft. Lauderdale, FL 33328
USA
Tel: 954 262 1313
Fax: 954 262 1802
e-mail: mayrovit@nova.edu

120

Mayrovitz et al.


