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ABSTRACT

Tissue dielectric constant (TDC)
measurements are increasingly used as
quantitative adjunctive tools to detect and
assess lymphedema. Various factors affect
measured TDC values that may impact
clinical interpretations. Our goal was to
investigate possible impacts of: 1) anterior
vs. medial arm measures, 2) total body water
(TBW%) and arm fat percentages (AF%), 3)
measurement depth, and 4) skin firmness.

In 40 healthy women (24.5+2.5 years), TDC
was measured bilaterally on anterior forearm
to 0.5, 1.5, 2.5, and 5.0 mm depths using a
multiprobe device and on anterior and medial
aspects using a compact device. TBW% and
AF% were measured at 50KHz and skin
firmness measured by skin indentation force
(SIF). Results showed: 1) No statistically
significant difference in TDC values between
anterior and medial arm, 2) a moderate

direct correlation between TDC and TBW%
(r=0.512, p=0.001), 3) an inverse correlation
between TDC and AF% (r= -0.494, p<0.001)
with correlations greatest at the deepest depth,
and 4) a slight but statistically significant
inverse correlation between TDC and SIF (r=
-0.354, p=0.001). TDC values with compact vs.
multiprobe were within 6% of each other with
interarm (dominant/nondominant) ratios not
significantly different. The findings provide
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a framework to help interpret TDC values
among divergent conditions.

Keywords: lymphedema, body water, skin
firmness, skin water, breast cancer, tissue di-
electric constant, measuring lymphedema

Prior reports have indicated that tissue di-
electric constant (TDC) measurements are of
use in detecting (1-3), assessing treatment out-
comes (4-11) and characterizing and tracking
(12-14) breast cancer treatment related lymph-
edema (BCRL) and other forms of edema and
lymphedema(15-17). The method is noninva-
sive and easily done by touching the skin with
a probe for less than 10 seconds. However, oth-
er reports have indicated TDC values to de-
pend on the body part being measured (18,19)
and even within the same body part, such as
the arm, TDC values may depend on the arm
area in which measurements are made (12,20).
Variations in skin thickness, composition or
possibly eccrine gland density may play a role
in such observed differences. Most reported
arm measurements have been done on anterior
forearms. However, some anecdotal observa-
tions suggest that the medial forearm is more
likely to demonstrate early lymphedema. It is
thus of potential clinical interest to determine
the extent to which measurements made on
the anterior forearm might differ from those
made on the medial surface. One of the goals
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of this research was to investigate this issue.

Another confounder that may affect clini-
cal interpretation of TDC values is a patient's
body composition. Such factors include their
body fat percentage (FAT%) and total body
water percentages (TBW%). Some recent work
suggests that if TDC is measured on anterior
forearm to a single depth of 2.5 mm, TDC
values are marginally dependent on FAT% (21).
However, it is unclear if this applies to other
depths since increasing measurement depths in-
clude greater amounts of low-water containing
fat. It was thus hypothesized that TDC values
would correlate with TBW % with correlation
strengths that depend on measurement depth.
Further, since TBW % is inversely related to
FAT% it follows that arms with greater fat per-
centage will have lower TDC values and that
the strongest correlation would be at the deep-
est measurement depth. It was an additional
goal of this research to test these hypotheses.

Another possible confounding factor is
hand-dominance if TDC differences attribut-
able to hand-dominance are substantial. It is
known that there are interarm differences in
transepidermal water loss (22) and lymphatic
processes (23) but evaluation of TDC values of
hand dorsum (24) and anterior forearm (25)
found no significant difference in TDC values
when measured to a single skin depth of about
2 mm. However, since it not known if this holds
true for other commonly used measurement
depths ranging from 0.5 mm to 5.0 mm this
study sought to include a reasonable proportion
of persons who were left-hand dominant so as
to have a more generalized result.

METHODS
Subjects

Forty women, recruited from 1 and 2"
year medical students and university staff,
participated in this research study. Of these
women, 25 were right-hand dominant (RH) and
15 were left-hand dominant (LH). Their partic-
ipation followed their reading and signing of a
university Institutional Review Board approved
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informed consent (#2017-333). Participation
required that they be self-reported healthy
with no current or recent skin issues on either
arm and not be ambidextrous.

Prior to including potential subjects, each
was asked to complete a 10-question handed-
ness classification form (26,27). Accordingly,
potential subjects answered questions regard-
ing which hand they use to perform certain
activities. Example questions included which
hand they would draw with or which hand
they would hold the hammer if striking a nail
or which hand they would use to stir their
coffee. If they chose the right hand, a score of
+1 was assigned, if they chose the left hand
then a score of -1 was assigned. If they chose
no clear preference (both), then a score of 0
was assigned. The range of composite scores
is from -10 (extreme left handedness) to +10
(extreme right handedness). A volunteer was
considered as LH if their composite score was
less than -4 and RH if their composite score
was greater than +4. For the present group,
scores ranged from -8 to -10 for LH and from
+8 to +10 for RH.

Average subject age (mean + SD) was
24.5 + 2.5 years. Their body mass index (BMI)
was 22.8 + 4.2 Kg/m? (16.9 to 37.3 Kg/m?).
According to current classification standards
three subjects would be obese (BMI > 30 Kg/
m?), six overweight (BMI of 25 29.9 Kg/m?), 26
as normal (BMI of 18.5 to 24.9 Kg/m?) and five
as underweight (BMI < 18.5 Kg/m?). Measure-
ments were done in a dedicated experimental
room with a room temperature of 22.5 + 1.0°C
and relative humidity of 52.8 + 3.3%.

Initial Procedures and Measurements

Subjects were seated in a comfortable
chair with their arms resting in front of them
on a pillow that was used for support and
comfort. A site on their anterior forearm
located 5 cm distal to the antecubital fossa was
marked with a dot on both arms. These would
be target sites for all anterior forearm mea-
surements. In addition, a site on both medial
forearms, also 5 cm distal to the antecubital
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fossa was marked. This would be the target
site for medial TDC measurements. There-
after, skin temperature (noncontact infrared
thermometer, Exergen, Model DX501-RS,
Watertown MA, USA) and circumference
(Gulick type tape measure with calibrated
tension, Model 67019, Country Technology
Inc., Gays Mills, WI, USA) of the target sites
was measured.

Tissue Dielectric Constant (TDC)
Measurements

TDC was then measured with two differ-
ent devices, both made by Delfin Technologies,
Kuopio, Finland. The first measurement set
was done using a multiprobe device (MMD)
that has four separate probes with diameters
of 10, 20, 23 and 55 mm that were used to
measure to effective measurement depths of
0.5 mm, 1.5 mm, 2.5 mm and 5.0 mm. The
order of measurement was 2.5 mm to 5.0 mm
to 0.5 mm to 1.5 mm. This order was chosen
to minimize probe switching time. Effective
measurement depth is defined as the depth
at which the excitation field is diminished to
1/e of its value. Measurements were made on
anterior forearms 5 cm distal to the antecubi-
tal fossa. The other device is referred to as the
compact device (MMDC) that is self-contained
hand-held enclosure with a contact diameter
20 mm. The compact TDC measurements
were made after the multiprobe measure-
ments, first on anterior forearms at the same
site as the multiprobe measurements and then
medial forearms also located 5 cm from the
antecubital fossa but about 90° rotated from
anterior sites.

All arm measurements were in triplicate
and were done bilaterally with subjects com-
fortably seated. The average of the triplicate
measurements was then calculated and used.
Each measurement was achieved by touching
the probe to the skin with gentle but firm pres-
sure for about five seconds. The dielectric con-
stant or relative permittivity is a dimensionless
number equal to the ratio of tissue permittivity
to vacuum permittivity. For reference the
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dielectric constant of distilled water at 32°C
is approximately 76. Because TDC values
mainly depend on tissue water they provide
quantitative indices of skin water content.
Since TDC is measured at 300 MHz, its value
is sensitive to both free and bound water (28).
Inclusion of the bound water contribution is
important since up to 80-90% of young adult
skin water content is bound (29).

Both devices used work on the same
principle. A very low power 300 MHz signal
is generated and transmitted into the skin via
the coaxial probe that acts as an open-ended
coaxial transmission line (30). Part of the
signal is absorbed, mainly by tissue water, and
part is reflected back to a either a control unit
in the case of the multiprobe device or directly
into the hand-held compact device. Based on
the transmitted and reflected signal a complex
reflection coefficient is calculated (31,32) from
which the dielectric constant is determined
(33). Reflections depend on the complex per-
mittivity of the tissue which in turn depend on
signal frequency and the dielectric constant
(the real part of the complex permittivity) and
the conductivity of the tissue with which the
probe is in contact. At 300 MHz, conductivity
contributes little to the overall permittivity
value and TDC is mainly determined by free
and bound water molecules. Further details
including prior uses for skin assessments, val-
idation and repeatability data are described in
the literature (34-37). Each probe is calibrated
against various ethanol-water mixture con-
centrations each of known dielectric constant
values (38).

Skin Firmness via Indentation Force

Following the TDC measurements, skin
firmness was measured. This was done by
measuring the skin indentation force (SIF) in
milliNewtons (mN) required to indent skin by
1.3 mm using a hand held battery-operated
device (SkinFibroMeter, Delfin Technolo-
gies, Kuopio Finland). In use, skin is lightly
touched whereupon a small indenter approxi-
mately 2 mm in diameter is caused to deform

Reproduction not permitted without permission of Journal LYMPHOLOGY.



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 velocity. Thus,

if an applied force is too large or applied too
slowly or too rapidly the software contained
within the device prompts the user to repeat the
measurement until it is within proper limits. A
single recorded value is obtained as the average
of five acceptable sequential measurements
made rapidly in succession that takes about

5 seconds at a single site. Measurements were
made in triplicate at the anterior forearm sites
used for TDC measurements. Further details
regarding device accuracy and uses may be
found in recent literature (39-41).

Grip Strength

Grip strength (in pounds) was then mea-
sured to estimate forearm muscle development
in dominant and nondominant arms as po-
tential covariates. Subjects squeezed a digital
hand dynamometer (Trailite, Germany, Digital
Dynamometer, Amazon.com) three times,
alternating between dominant and nondomi-
nant hands, with the average of the three tries
used to assess grip strength of each arm. The
dynamometer displayed the maximum achiev-
able grip strength value for each try to assesses
maximum isometric grip strength (42).

Total Body Water (TBW%) and Arm Fat (AF%)
Percentages

After all arm measurements, subjects, re-
moved their foot wear and stood on a scale for
about 10 seconds while gripping a handle-
electrode to measure their weight and body
composition parameters using bioimpedance
measurements at 50 KHz (InnerScan Body
Composition Monitor, Tanita model BC558).
Primary parameters measured were total body
water percentages (TBW%) and dominant
and nondominant arm fat percentages (AF%).
Values were determined by device proprietary
algorithms based on the measured impedances.
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Analysis

Prior to primary analyses parameter
values were tested for normality. This included
tests (Shapiro-Wilk) for all measured arm av-
erage values (N=40) and TBW% and AF% (N
=40). Except for the girth parameter (p=0.015)
no other parameter was rejected as being
normally distributed (p > 0.05). Assessment
of relationships between TDC and TBW % or
AF% and between TDC and SIF was tested
using linear regression analysis. Comparisons
between dominant and nondominant arms
(N =40) were done using paired T-tests. Com-
parisons of parameters between right handers
(N=25) and left-handers (N=15) and for those
subjects below and above the median TBW %
(N =20 each sub-group) was done using non-
parametric analyses for independent samples
(Mann-Whitney U Test). All statistical tests
were done with SPSS V16. Unless otherwise
stated results are presented as mean + SD.

RESULTS
Interarm and Right vs. Left Hand Dominance

Table 1 compares parameter values mea-
sured on dominant and nondominant arms
for the entire group of 40 women and also for
averages of right and left arms for subjects
who were right-hand dominant vs. left-hand
dominant. Inter-arm differences were small
and not statistically significant (p>0.05) except
for forearm girth and grip strength that were
both greater for the dominant arm (p<0.01).
Right-hander parameters did not differ from
left-hander parameters except that right
handers showed a greater indentation force
(p = 0.035).

Forearm TDC Values: Anterior vs. Medial

TDC values measured with the compact
device on anterior and medial aspects of both
arms of the 40 subjects (n = 80 arms) were
similar with no significant difference between
these sites. Values for anterior vs. medial sites
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TABLE 1
Inter-Arm Parameter Comparisons
Parameter Da;‘g;;‘;lt Nor&%(:l)nl\i;l)ant Rii?et;‘lz:gz ((l)?s in;tél'l:gl:&d::; ’
sides sides

Skin Temperature (°C) 318+ 1.1 31,6 £ 1.5 31.8+1.2 316 £ 1.0
Forearm Girth (cm) 22.4 + 2.5%* 222+24 227 +2.8 21.7+13
Grip Strength 48.6 + 11.8** | 459 +11.0 48.6 + 13.3 45.1+5.2
Indentation Force (mN) 454 + 14.6 455 +13.8 48.8 + 13.0* 40.0 +11.8
TDC (Multiprobe)

0.5 mm depth | 31.5 + 3.0 31333 313+2.38 31.6 £3.6

1.5 mm depth | 32.8 + 3.6 32537 33.0+3.1 322+42

2.5 mm depth | 26.1 +2.9 26.2 3.0 25.7+33 26.6 +2.4

5.0 mm depth | 23.5 + 3.8 242 +43 23.5+3.9 24.5 +4.2
TDC compact — anterior 278 £3.2 277 3.1 275+3.2 28.1 £2.7
TDC compact - medial 279 +3.0 275+33 27.6 £33 27.8 £2.7

Table entries are mean + SD for dominant (DOM) and non-dominant (NDOM) measurements
(columns 2 and 3) and for side averages of right-handers and left-handers (columns 4 and 5). Inter-
arm differences were not statistically significant except for forearm girth and grip strength with **
corresponding to p < 0.01. Right-hander parameters did not differ from left-hander parameters
except for a greater indentation force for observed for right-handers (*p = 0.035).

were 27.7 + 3.11 vs. 27.7 = 3.15, p = 0.920. An-
terior forearm TDC values measured with the
multiprobe device to depths of 1.5 mm and 2.5
mm were 32.7 + 3.6 vs. 26.1 = 3.0, p <0.001.
Although TDC values measured with the com-
pact device were close to those measured by
the multiprobe at 2.5 mm depth, the compact
values were statistically greater (27.7 + 3.11
vs. 26.1 = 3.0, p<0.001) with overall compact/
multiprobe ratio of 1.060 + 0.053. However,
when considering inter-arm ratios (dominant/
non-dominant) measured with multiprobe or
compact respectively, the TDC ratios were
close with no significant statistical difference
(0.997 £ 0.072 vs. 1.007 = 0.061, p = 0.25).
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TDC Relationship to Total Body Water and
Arm Fat Percentages

TDC values had a moderate positive
correlation with total body water percentage
(TBW%) and an inverse relationship to arm
fat percentage (AF%) as shown in Figs. 1 and
2 for TDC measurement depths of 0.5 mm
and 5.0 mm. It may be noted that the slopes
and correlation coefficients are greater for
the deeper measurement depth. For clarity,
the figures only include the least and greatest
measurement depths, but there was in fact a
trend for slopes and coefficients to increase
from a least value measured at 0.5 mm depth
to the greatest value measured for the 5.0
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Fig. 1. TDC relationship to body water percentage.
Data points are TDC values averaged between dom-
inant and nondominant arms. Regression equations
are for TDC measurements to a depth of 0.5 mm (cir-
cles, dashed line) and a depth of 5.0 mm (triangles,
solid line). Correlation coefficient (r) is greater for
the deeper TDC measurement but both are statisti-
cally significant.

TDC
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15 | TDC =-0.231 AF% + 32.00
r=0.494, p < 0.001,N = 80
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Fig. 2. TDC relationship to arm fat percentage. Data
points are TDC values for each arm (N =80). Regres-
sion equations are for TDC measurements to a depth
of 0.5 mm (circles, dashed line) and a depth of 5.0
mm (triangles, solid line). Correlation coefficient (r)
is greater for the deeper TDC measurement but both
are statistically significant.

TABLE 2
TDC Relationship to Body Water and Arm Fat Percentages: Depth Dependence
TDC Measurement TDC vs. TBW% TDC vs. AF%
Depth (mm) N = 40) N = 80)
Correlation Correlation Correlation Correlation
Coefficient Significance Coefficient Significance
) (p-value) (r) (p-value)
0.5 0.367 0.020 -0.385 0.001
1.5 0.355 0.025 -0.337 0.002
2.5 0.443 0.006 -0.431 <0.001
5.0 0.512 0.001 -0.494 <0.001

Impact of total body water percentage (TBW%) and arm fat percentage (AF%) on TDC depends
on the depth at which TDC is measured. With increasing measurement depth, the correlation

tends to increase from the shallowest depth (0.5 mm) to the deepest depth (5 mm).
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TABLE 3

TDC Dependence on Body Water Percentage (TBW%)

Total Body Water Percent (TBW%)

<53% (N =20)

>=53% (N = 20)

TDC (Multiprobe)
0.5 mm depth 30.6 £2.9 322 +3.1
1.5 mm depth 31.5+3.6 33.8+3.2
2.5 mm depth 249 +2.9 27.3 + 2.6*
5.0 mm depth 22.5+3.8 25.2 + 3.8%
TDC compact — anterior 269 + 2.8 28.6 +3.0
TDC compact - medial 26.8 +2.9 28.6 +3.1

Table entries are TDC values for women with TBW% < median value
(53%) and >= than 53%. Mean values at all depths tended to be greater
for the sub-group with the larger total body water percentage. Differences
at 2.5 mm and 5.0 mm depths were statistically significant (* = p < 0.05

Mann-Whitney test).

mm depth. Table 2 summarizes these findings.
When TDC values are compared between sub-
jects above and below the median TBW% (53%)
as in Table 3, mean values of TDC at all depths
tended to be greater for the subgroup with the
larger total body water percentage. Sub group
differences at 2.5 mm and 5.0 mm depths were
statistically significant (p <0.05 Mann-Whitney
test).

TDC Relationship to Skin Indentation Features

TDC values at all measurement depths
were inversely related to skin indentation force
(SIF). Increased SIF values serve as an index
of increased skin stiffness. All correlations were
statistically significant but with modest cor-
relation coefficients. The strongest correlation
between TDC and SIF was for a measurement
depth of 1.5 mm. At this depth the linear
regression equation was TDC = -0.090 x SIF +
36.8, r = 0.353, p=0.001 shown in Fig. 3.
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Fig. 3. TDC relationship to skin firmness. Data points
are TDC values for each arm (N =80). Regression
equation is for TDC measurements to a depth of 1.5
mm. The skin indentation force (SIF) is an index of
skin firmness.
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DISCUSSION

Because of the increasing use of TDC
measurements as a quantitative measure of
lymphedema either singly or more common-
ly as a complementary assessment tool (4-7,
17,43-51), it is important to consider factors
that may impact interpretation of clinical
measurements. Herein we report on several
factors that may have the potential to affect
TDC values.

With respect to the question of anterior
vs. medial forearm as a target measuring site,
the present findings have demonstrated that in
healthy non-edematous arms the TDC values
obtained are very similar at these two ana-
tomical sites with no statistically significant
differences between them. The significance of
this finding is that it provides confidence that,
at least from a measurement standpoint, either
of the sites can be used without having to con-
sider any significant confounding influences
attributable to location.

With respect to measurement device or
measurement depth, the present findings
are consistent with a previous report (52) in
which the compact device was reported to
yield values close to but slightly greater than
those measured at a depth of 2.5 mm using the
multiprobe system. These prior measurements,
made on the anterior forearm of 32 young
women, yielded compact TDC values on
average 5.6% greater than those measured to a
depth of 2.5 mm which is close to the average
herein obtained of 6.0%. The significance of
this finding is that under conditions in which
absolute TDC values are compared in clinical
or other uses, measuring devices are best not
mixed between compact and multiprobe. How-
ever, if inter-side ratios and not absolute values
are of interest, then this cautionary statement
is not applicable as the ratios determined by
both devices were similar.

With respect to the impact of a person's
body water or arm fat percentages, the present
findings demonstrate a clear relationship
albeit only a moderate one. The general
finding is that TDC values tend to increase
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with increasing total body water percentage
and with decreasing arm fat percentages.

The initial underlying hypothesis that such
dependencies would be most evident when

the TDC measurement depth was greater is
supported by the larger correlation coefficients
and significance levels obtained for the deeper
as opposed to the shallower measurement
depths. One significance of this finding is that
it is possible to use the regression equations

to estimate the likely change in TDC value
that could be attributable to either a patient's
gain or loss in total body water percentage or
arm fat percentage when tracking or treating
patients with BCRL. For the greatest body
water change effect (measurement to a 5.0 mm
depth) the regression slope (Fig. 1) is 0.401
indicating that it would take a 5% change in
total body water to cause a change of 2 TDC
units. Measurements to all lessor depths would
cause smaller changes in measured TDC
values. These body water and fat effects and
considerations are relevant when absolute
TDC values are of interest. The findings may
also suggest that it may be worthwhile consid-
ering the inclusion of simple measurements of
patient's body composition parameters when
evaluating or treating.

With respect to a possible linkage of skin
stiffness to TDC values, the present findings
indicate a small inverse relationship that
appears to be greatest when measuring to a
depth of 1.5 mm (Fig. 3). For this measure-
ment depth the regression equation predicts
a decrease of 0.09 TDC units for each mN
increase in skin indentation force. In part the
significance of this is that it would seem to
predict that when following a patient or seeing
a patient with increased skin stiffness through
fibrosis, a decrease in TDC may be observed
that is not related to an improvement in the
condition. Although the amount of this effect
appears to be small within the range of the
healthy subjects herein studied, the full effect
on patients in the later stages of lymphedema
with increased skin stiffness in addition to
underlying fibrotic changes is currently not
known but is an area for future research.
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CONCLUSION

TDC values obtained noninvasively as
indices of skin tissue water and its change in
a variety of conditions has proved useful due
to the method's biophysical underpinnings, its
ease of use and the fact that it can be applied
to skin of any external body part. However,
interpretation of values so obtained depend
upon knowledge of possible confounding fac-
tors that may affect them. The present results
indicate no significant differences in forearm
TDC values attributable to arm dominance
or measurements made on anterior or medial
surfaces. Contrastingly, TDC values tend to
decrease with decreasing total body water
percentage, increasing arm fat percentage and
increasing skin stiffness. Although such TDC
changes are not large, it is prudent to consid-
er these factors when following patients in
whom any of these parameters were to change
significantly. The tabular data herein sup-
plied can provide estimates for that purpose.
Additionally, because of the clear impact of
measurement depth on TDC values, sequen-
tial tracking of patient status, just chronologi-
cally or subsequent to treatment interventions,
must use the same probe type to insure proper
interpretation of changes. Finally, although
not specifically considered in the present
experimental data, sequential tracking values,
especially over longer time-frames, are most
accurately interpreted if changes in device
sensitivity over time are periodically deter-
mined.
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