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Background/Purpose: Skin-to-fat tissue dielectric constant
(TDC) values depend on measurement depth and gender. Our
goal was to assess male-female differences in TDC values
associated with differing skin depths.

Methods: Bilateral forearm TDC measurements were made on
young adult male and females with mean ages from 24.7 to
27.3 years. There were four measurement groups distin-
guished by the TDC measurement depth and include the fol-
lowing numbers of subjects for each gender; 30, 150, 60, and
50 for probe-measurement depths of 0.5, 1.5, 2.5, and
5.0 mm. Data were subsequently compared with values calcu-
lated with a simple two-layer model.

Results: For females and males, there was a significant differ-
ence in TDC values among depths (P < 0.001) with TDC val-
ues decreasing with increasing depth. Gender comparisons
showed that TDC values of males were significantly
(P < 0.001) greater than values for females at each depth.
Male-female percentage differences ranged from 14.8% to
22.0%. Model calculations suggest that gender differences
might be explained by skin thickness differences.

Conclusion: Findings indicate that decisions with regard to
skin water content among or between groups based on TDC
measurements need to account for gender and are best made
when corresponding skin thickness measurements are avail-
able. However, changes in TDC values assessed in individual
patients and comparisons between corresponding skin areas in
affected and non-affected sites are not limited. Thus, assess-
ments of acute treatment effects and assessments of inter-arm
or inter-leg TDC differences or ratios within genders are a use-
ful and suitable method to characterize edema and lymphe-
dema features.
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NVESTIGATIONS OF potential gender differences
Iin skin properties have focused on a variety
of skin parameters including skin thickness (1),
transepidermal water loss (2, 3), mechanical
properties (4). pH (5), epidermal thickness (6),
sebum (7), and stratum corneum (SC) water
content (8, 9). Measurements of SC moisturiza-
tion based on SC capacitance (3) indicate that
neck and forehead water content is greater in
young adult males compared with age-matched
females. However, SC measurements did not
show statistically significant gender differences
in forearm SC values when assessed over a
wide age range that included groups with aver-
age ages of 24.7-66.6 years (3). Similarly in a
young group (age 13-35), significantly greater
SC water was shown in forehead skin (9), but
again not in forearm skin although forehead
and forearm SC moisturization did not differ

(9). In addition, no significant gender differ-
ences in forearm SC water were found in a
small group of young subjects (10). In contrast
to SC water measurements based on electrical
capacitance, skin and skin-to-fat water content
have been estimated based on measurements of
the skin’s tissue dielectric constant (TDC) also
known as electrical permittivity (11, 12). TDC
measurements in young adults indicated
11-13% greater values in males vs. females at
forehead (13) and forearm (13, 14). These
reported results were based on the composite
water and other constituent content contained
within an effective measurement depth of
1.5 mm. Thus for forearm skin, the TDC mea-
surements would have included contributions
from SC, epidermis, dermis, and possibly hypo-
dermis depending on skin thickness at the mea-
surement site. In this regard, high frequency
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ultrasound measurements in young adults (20—
40 years) has shown little difference in male—
female forearm skin thickness, which has been
reported as about 0.9 mm thick (1). Other data
indicate a larger forearm skin thickness of about
1.2 mm with males slightly greater than females
(15) with the possibility of diurnal variations in
which male forearm thickness ranges between
about 1.1-1.2 mm and females between about
0.8 and 1.0 mm from morning to evening (16).
Taken together, the skin thickness data suggest
that the prior TDC measurements to an appar-
ent 1.5 mm depth (13) would have included
contributions from SC, epidermis, dermis and
also some amount of hypodermis. However, it
is not known if shallower or deeper measure-
ment depths would parallel the prior findings
that showed greater TDC values among young
adult males compared with age-matched
females (13). Thus, our goal was to assess
potential male—female TDC differences associ-
ated with differing skin depths that included
measurements using probes rated for depths of
0.5, 1.5, 2.5, and 5.0 mm below the epidermis.
Our purpose was to determine the potential
gender difference in TDC values when different
components of skin were included in the mea-
surement and to provide TDC reference ranges
applicable to young adults for these differing
forearm tissue depths.

Methods

Subjects

Young adult male and female subjects divided
into four groups (I, II, III, IV) were evaluated
after the research nature of the study was
explained to them and they had signed an
informed consent that was previously approved
by the University Institutional Review Board.
Participants were mostly first and second year

TABLE 1. Group features

medical and dental students. For each group,
TDC measurements were made at the depths
and with the numbers per group as indicated in
Table 1. Female-male mean ages ranged from
24.7 to 27.3 years and were not significantly dif-
ferent from each other. Contrastingly, the body
mass index of all male groups was greater than
females (P < 0.001). Prior to participating sub-
jects were advised to not apply any lotion or
creams to their forearms on the day of the
scheduled procedure. Subjects with any known
skin condition affecting the forearm skin, any
injury, or open wound on either arm, or any
prior arm trauma that might have affected tis-
sue water were excluded from participation.

TDC measurement method and procedure

Tissue dielectric constant measurements were
made with the MoistureMeterD (MMD; Delfin
Technologies, Kuopio, Finland). The MMD is a
device used to measure skin and skin-to-fat
TDC at a frequency of 300 MHz by touching
the skin’s surface with a concentric hand held
probe for about 10 s (Fig. 1). There are four dif-
ferent probes with outer diameters that range
from 10 mm for a 0.5 mm effective measure-
ment depth to 55 mm for a 5 mm measurement
depth. Effective measurement depth is defined
as the depth at which the 300 MHz electric field
decreases to 1/e of its surface field. In this
study TDC values were measured to depths of
0.5, 1.5, 2.5, and 5.0 mm with each subject
supine on a padded and insulated examination
table with their arms resting with palms up.
Measurements were started after they had been
supine for a minimum of 5 min and were done
in triplicate on both volar forearms 6 cm distal
to the antecubital fossa. For each probe, mea-
surements between right and left arm were
alternated until three values per arm were

Effective measurement depth

Group | (0.5 mm) Group Il (1.5 mm)

Group Il (2.5 mm) Group IV (5.0 mm)

Female Male Female Male Female Male Female Male
N 30 30 150 150 60 60 50 50
AGE (years) 25.0 £+ 2.4 252 +£ 283 26.0 + 3.8 25.9 + 3.0 257 £+ 1.6 254 + 24 26.0 + 2.9 26.3 £ 25
BMI (kg/mz) 23.3 + 4.0 25.3 + 2.8 23.1 + 49 25.4 + 4.0 224 + 5.1 25.2 + 3.1* 23.3 + 3.9 26.1 + 4.1*

Values are mean + SD.
**Male body mass index (BMI) greater than females (P < 0.001).
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Width
(mm) 39 20 23 55
Measurements made to 4 depths

Fig. 1. Measuring tissue dielectric constant (TDC). TDC measured
in triplicate bilaterally at each of four effective measurement depths.
Touching the skin activates an automatic process and yields a TDC
value in less than 10 s. Larger width probes have greater effective
measurement depths as shown.

obtained. The average of the three measure-
ments was used to characterize the TDC value
of each arm and reported as the average of the
two arms. This procedure was done for each of
the four effective measurement depths.

The dielectric constant is a dimensionless
number equal to the ratio of the permittivity of
the measured tissue to the permittivity of vac-
uum. As TDC values mainly depend on tissue
water content, TDC values, and their change
provide indices of water content and quantita-
tive estimates of water content changes. For ref-
erence, the dielectric constant of distilled water
at 34°C is 75.2. As measurements are at a fre-
quency of 300 MHz, skin TDC values are sensi-
tive to both free and bound water within the
measurement volumes. The inclusion of the
bound water component is important since it
has been estimated that up to 90% of young
adult skin water content is bound (17) although
this percentage decreases substantially in photo
aged skin (18). Measurements of TDC have
been used in basic and clinical research studies
in which skin tissue water and its change were
of interest at various anatomical sites including
face (13, 19), breast (20), forearm (21-23), biceps,
axilla and thorax (24), leg and foot (25, 26) and
buttocks (27). It has also been used to character-
ize and track changes related to lymphedema
(28-30), changes in post-surgical fluid status
(31) and assess skin irradiation effects (20).

Gender differences in skin dielectric constant

In use, the device generates and transmits a
very low power 300 MHz signal into a coaxial
probe that is in contact with the skin with the
probe acting as an open-ended coaxial transmis-
sion line (32). Part of the signal is absorbed,
mainly by tissue water, and part is reflected back
to a control unit, where the complex reflection
coefficient is calculated (33, 34) from which the
dielectric constant is determined (35, 36). Reflec-
tions from the end of this coaxial transmission line
depend on the complex permittivity of the tissue
which in turn depends on signal frequency and
the dielectric constant (the real part of the com-
plex permittivity) and the conductivity of the tis-
sue with which the probe is in contact. At
300 MHz, the contribution of conductivity to the
overall value of the permittivity is small and the
dielectric constant is mainly determined by water
molecules (free and bound). Consequently, the
device includes and analyzes only the dielectric
constant, that is, directly proportional to tissue
water content in a manner close to that predicted
by Maxwell mixture theory for low water content,
but a slightly less good prediction for high water
content tissues (37). In all cases, TDC is strongly
dependent on relative water content with TDC
values that decrease with water reductions dur-
ing hemodialysis (38). Further details including
validation and repeatability data are described in
the literature (26, 38, 39).

Analysis

Differences in forearm TDC values among
depths were tested using a one-way ANOva
model for each gender separately with effective
measurement depth as a factor. Forearm TDC
values obtained for each depth were compared
by gender using independent t-test with a
P-value of <0.01 accepted as a statistically sig-
nificant difference between genders. This signif-
icance level was adopted to reduce type II
errors that might arise because of using four
independent t-tests, one for each depth.

Results

TDC depth comparisons

Tissue dielectric constant mean values and their
standard deviations for each depth are summa-
rized in Table 2. For both females and males,
there was an overall significant difference in
TDC values among depths (P < 0.001) with a
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TABLE 2. Forearm TDC values by effective measurement depth

Effective measurement depth

Group | (0.5 mm) Group Il (1.5 mm)

Group Il (2.5 mm) Group IV (5.0 mm)

Female Male Female Male Female Male Female Male
N 30 30 150 150 60 60 50 50
TDC value 31.3 + 4.2 38.2 + 5.0 30.6 + 3.4 35.2 + 4.0** 27.0 + 4.4 32.7 + 3.9 253 + 4.5 30.7 + 4.4*
% Difference 22.0 13.1 21.1 21.3

TDC values are mean + SD. ** indicates male TDC values greater than female TDC values at corresponding measurement depths (P < 0.001). TDC
values for males and females significantly decrease with increasing depth (P < 0.001). Differences in TDC values at the two deepest depths are not sig-
nificant for females or males. Differences at the two shallowest depths are only significantly different for males (P = 0.006).

% Difference is calculated as 100 x (male average — female average)/female average for each depth.

general trend for TDC values to decrease with
increasing depth. The pattern of change is
shown in Fig. 2 in which TDC values at 1.5, 2.5,
and 5.0 mm are normalized to the value at
0.5 mm and their regression with depth is
shown. Regressions with depth are similar for
females and males. Comparisons of absolute
TDC values among depths (Table 2) showed
that for females the shallower depths (0.5 and
1.5 mm) did not significantly differ from each
other (P = 0.980) nor did the deeper TDC val-
ues (2.5 and 5.0 mm) differ from each other
(P =0.115). However, TDC values at 2.5 and
5.0 mm were significantly less than TDC values
measured at 0.5 and 1.5 mm (P < 0.001). For
males, the differences between 0.5 and 1.5 mm
depths were statistically significant (P = 0.006)
and both differed significantly (P < 0.001) from
TDC values at 2.5 and 5.0 mm. TDC values at
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Fig. 2. Tissue dielectric constant (TDC) variation with measurement
depth. Data points are mean TDC values for females and males nor-
malized to their respective values at a measurement depth of 0.5 mm
(TDC/TDC.50nm). Lines are computed linear regression lines for this
ratio vs. effective measurement depth. Regressions are similar for
females and males.
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2.5 and 5.0 mm did not significantly differ from
each other (P = 0.410).

TDC gender comparisons

Comparisons of TDC values between genders
(Table 2) at each measured depth showed that
TDC values of males were significantly
(P < 0.001) greater than TDC values for females
at each depth. Male-female average percentage
differences ranged from 14.8% at 1.5 mm depth
to 22.0% at 0.5 mm depth.

Discussion

Gender differences

One goal of this study was to determine if pre-
viously reported gender differences in forearm
skin TDC values measured in young adults
only to a depth of 1.5 mm could be generalized
with respect to tissue depth when assessed
within a much larger subject sample of young
adult females and males. To this end, 540 tripli-
cate bilateral forearm TDC measurements were
made in this study. The current findings dem-
onstrate that young adult male TDC values are
significantly greater than young adult female
values at all measured depths from 0.5 to
5.0 mm thus unambiguously establishing this
gender-related difference. In comparison with
previously determined differences in 11-13% at
a depth of 1.5 mm (13, 14) the present much
larger sample of subjects yields a similar male—
female difference of 13.1%. Based on the current
more extensive measurement set, it was also
found that the previously reported male—female
difference at 1.5 mm depth may represent
the least male—female depth-dependent percent-
age difference. The present results indicate a
narrow range of gender differences in the other



measured sites ranging from 21.1% to 22%. The
explanation for this gender difference is less
clear. One possibility is that there is a greater
amount of water present within the young male
adult skin thereby resulting in a greater value
for the measured TDC. However, because the
TDC value also depends on the dermis thick-
ness, it may be that the gender difference in
TDC values could be explained on the basis of
a thinner thickness in females. The viability of
this as a possibility is considered subsequently.

Depth differences

In addition to identifying significant gender dif-
ferences in TDC values and the range of those
differences, the present findings also demon-
strate a significant monotonic decrease in TDC
values with increasing depth that is present for
both genders. The interpretation of this TDC
depth pattern relates to the tissue types
included in the TDC measurements at different
effective measurement depths. All measure-
ments include the SC and the epidermis, but
depending upon measurement depth there are
other included components. For a 0.5 mm
depth, it is mainly the upper dermis; for a
1.5 mm depth, it is the dermis and a hypoder-
mal component; for a 2.5 mm depth, it is the
dermis and a moderate amount of hypodermis;
and for a 5.0 mm depth, it is the dermis and a
substantial amount of hypodermis with its asso-
ciated low water content fat. These qualitative
statements can be placed on a more quantitative
basis using a simplified conceptual approach in
which the tissue measurement volume is
viewed as being comprised of two layers, one
being the skin including SC, epidermis and der-
mis with combined skin depth §, and the other
part being the subcutaneous tissue including fat
as schematized in Fig. 3. The goal is to deter-
mine if a simplified model can provide a plausi-
ble explanation that is consistent with the
measured TDC depth dependence and the
male—female differences in TD values.

Conceptual model

In the conceptual model (Fig. 3) the skin-to-fat
is simply viewed as composed of two layers
with the first layer skin (epidermis + dermis)
and the other the hypodermis with skin and
hypodermis dielectric constants at 300 MHz

Gender differences in skin dielectric constant

Probe on
Skin
i |
81 81 6 Skin
f —1
g 9,
!
Hypodermis
€, (1+§,/8,)

€= T+ (6/8,)(e,/5))]

Fig. 3. Conceptual model to assess skin and hypodermis effects on
measured TDC. The parameter ¢ represents the tissue dielectric con-
stant measured by probes of various effective measurement depths
(6) in terms of the dielectric constants &; and &, for skin and hypo-
dermis, respectively. The parameter d; is the skin (epidermis + der-
mis) thickness (different for males and females) and 0, is the effective
penetration depth into the hypodermis measured from the skin-hypo-
dermis margin.

being & and &, respectively. The parameter
81 represents skin thickness and 6 represents
an effective measurement depth from which
the transmitted signal is reflected such that
the composite measured TDC value (¢ in the
figure) would yield the average measured
TDC values of Table 2. For the two-layer ser-
ies model, the composite € is then calculable
using the equation shown in the figure, which
depends on &, &, 6;, and &, in which 6, is
equal to 6 — 6;. For purposes of analysis, skin
thickness is set at 1.2 mm for males and
1.0 mm for females which are consistent with
average values summarized in the literature
(13). The question that the model seeks to
answer is whether the gender differences in
skin thickness can alone account for the mea-
sured differences in average TDC values. To
address this, the skin water percentage of
both genders is assumed the same at a value
of 73.4% with the remaining being 26.6% pro-
tein. This skin water percentage is consistent
with prior dermal measurements (17, 18, 40).
The value for € for this combination has been
measured at 25°C at 300 MHz for hemoglobin
(41) yielding a composite value of 57.8. Since
measurements on forearm skin are at an aver-
age skin temperature of about 34°C, the corre-
sponding in vivo value would by extrapolation
be 56.4. This value that is assigned to skin as
g, is slightly less than the value of 49.8
reported for dry skin (42, 43). Contrastingly,
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Fig. 4. Measured vs. calculated TDC values for young males and
females. The calculated TDC values (e) for the composite model of
Fig. 4 (open symbols) are shown vs. the measured values of Table 2
(closed symbols). The regression lines and equations correspond to
the measured data for males and females.

dielectric constant values for fat are low and
range from 5.67 to 11.7 (42). For purposes of
the present model, & of the hypodermal layer
was calculated on the basis of an assumed
hypodermis uniform mixture of 87% fat with
a dielectric constant of 5.67% and 13% water
with a dielectric constant of 75.2 at 34°C to
yield a value for & of 14.8. For purposes of
calculation, the value of 6, that minimized the
(measured-calculated) difference for males was
determined for each of probes used. The val-
ues determined for males were used
unchanged for females. Thus, difference in ¢
between genders in this model would only be
due to differences in skin depth. The results

of these & calculations are shown in Fig. 4
along with the measured mean values.
Although based on a relatively simplified
model, the fact that gender differences in
measured TDC values at all depths can be
explained on the basis of differences in skin
thickness implies that conclusions with regard
to skin water content among or between
groups can only be made when corresponding
skin thickness measurements are available.
However, changes in TDC values assessed in
individual subjects or patients and compari-
sons between corresponding skin areas in
affected and non-affected sites are not limited
in this way. Thus, assessments of acute treat-
ment effects and assessments of inter-arm or
inter-leg TDC differences or ratios within gen-
ders, as has previously been done (21, 22,
27-30, 44, 45), remains a useful and suitable
method to characterize edema and lymphe-
dema features.

Summary

Young adult male forearm TDC values are
shown to be significantly greater than young
adult female values at all probe-measurement
depths with values for both genders decreasing
with increasing depth. Simple model calcula-
tions indicate that these TDC differences may
not uniquely reflect skin water differences
between groups due to potential confounding
effects of skin thickness differences.
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