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Previous reports described the use of average tissue dielectric constant (TDC)
measurements to assess local tissue water and its change. Our goal was to determine
if a single TDC measurement could be used in place of the average of multiple
measurements. The comparison criteria used to test this was the extent to which
single and averaged measurements yielded similar TDC values in both normal and
lymphedematous tissue. Measurements were made in two groups of women;
a control group (n = 20) and a group with unilateral arm lymphedema (n = 10). In
the control group, TDC was measured to multiple depths (0-5-5:0 mm) on both
ventral forearms and to a depth of 2-5 mm on the lateral thorax on both body sides.
In the lymphedematous group, TDC was measured on both ventral forearms to
a depth of 2:5 mm. Results showed that the 95% confidence interval for differences
between single and averaged TDC values was less than ®£1 TDC unit and that the
limits of agreement between methods was less than +2:5 TDC units (£6:5%) for
each condition, site and depth measured. This finding suggests that where this level
of agreement is acceptable suitable clinical assessments can be made using a single

TDC measurement.

Introduction

A variety of methods are available to assess overall limb oedema
via metric and volume measures (Casley-Smith, 1994; Karges
et al., 2003; Mayrovitz, 2003; Mayrovitz et al., 2005, 2006,
2007a,b), automated methods (Tierney et al., 1996; Stanton
et al., 1997; Mayrovitz et d., 2000; Moseley et al., 2002) and
electrical impedance type methods (Cornish et al., 1998, 2001,
2002; Ward, 2006).

However, these are not generally suitable to determine local
oedema or oedema in body parts other than the limbs.
Quantitative assessment of local tissue oedema could provide
important and useful information not previously available to
help initially assess and to track oedema and lymphedema
progression in patients. Recent work has used the tissue
dielectric constant (TDC) method to evaluate local tissue water
changes during the menstrual cycle (Mayrovitz et dl., 2007a,b).
Other work has indicated that assessment of local tissue water
based on TDC measurements is a useful discriminator for the
presence of lymphedema in patients with unilateral postmas-
2007;
2008a,b) and to detect changes subsequent to manual lymphatic

tectomy lymphedema (Mayrovitz, Mayrovitz et dl.,
drainage therapy (Mayrovitz et al., 2008a,b). The working
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principle of the TDC method is based on the fact that tissue
electrical properties depend on water content which in turn
affects the value of the TDC (Nuutinen et al., 2004). Measure-
ment of TDC at a suitable frequency provides an index of relative
tissue water (Aimoto & Matsumoto, 1996; Alanen et al., 1998).

In all previous studies, TDC measurements at sites of interest
were done in triplicate and then averaged to help reduce
measurement variance potentially associated with a single
measurement (Mayrovitz, 2007; Mayrovitz et a., 2007a,b,
2008a,b). This strategy is useful, but it also triples the amount
of time required for each assessment site. Further, the average of
repeated measurements is only better than a single measurement if
the results or reproducibility obtained are significantly different
between them (Fagan et al., 1988). If the difference between
single and averaged triplicate TDC measurements were known,
than an informed decision as to which approach to adopt for clinic
applications could be made. Thus, our goal was to determine and
compare differences between single and triplicate TDC measure-
ments with respect to outcome values obtained.

To provide a reasonably broad characterization of such
potential differences, measurements were made at different sites
in two groups of women. In a control group of 20 women,
measurements were made on the ventral forearm with four
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different probes to achieve tissue sampling to four different
depths (0-5-5-0 mm). Measurements were also done on the
lateral thorax to a depth of 2:5 mm. The second group consisted
of 10 women with frank unilateral arm lymphedema that had
developed subsequent to breast cancer treatment-related surgery
and or radiation. In this group, ventral forearm measurements
were made in both the lymphedematous and non-lymphede-
matous arms to a single depth (25 mm). The null hypothesis to
be tested was that there would be no significant difference
between single and averaged TDC values.

Methods
Subjects

Two groups of women were evaluated after signing Institutional
Review Board approved informed consents. One was a control
(mean * SD)  of
546 £ 11:6 years who had no history of arm oedema or

group of 20 women with ages
lymphedema. The other group consisted of 10 women of ages
71-2 £ 141 who had unilateral arm lymphedema subsequent to
breast cancer related surgery and or radiation treatment. The age
of the lymphedematous group was significantly greater than the
control group (P<0-05).

Measurement device

The device used was the MoistureMeter-D (Delfin Technologies
Ltd, Kuopio, Finland). It consists of a probe connected to a
control unit that displays the TDC when the probe is placed in
contact with the skin. The physics and principle of operation has
been well described (Stuchly et al., 1982; Aimoto & Matsumoto,
1996). In brief, a 300-MHz signal is transmitted to the tissue via
the probe in contact with skin with the probe acting as an open-
ended coaxial transmission line (Alanen et d., 1999). The
reflected portion of the incident electromagnetic wave depends
on tissue’s dielectric constant, which itself depends on the
amount of free and bound water in the tissue volume through
which the wave passes. Reflected wave information is processed
and the relative dielectric constant is displayed. Pure water has a
value of about 78-5. Effective penetration depth depends on
probe dimensions, with larger spacing between inner and

outer conductors causing greater penetration. Four different

Table 1 Tissue dielectric constant (TDC) values for control group.

dimension probes were used for TDC values on forearms of the
control group. Probe effective penetration depths were 0-5, 15,
2:5 and 50 mm, with corresponding (maximum) probe
diameters of 10, 20, 23 and 55 mm with conductor spacing
of 1, 3, 5 and 17 mm respectively. Because of clinic time
constraints, only the 2°5 mm penetration depth probe was used
to assess forearms of the lymphedematous group and the thorax
of the control group.

Measurement procedure

Measurements were done with subjects supine after they had be
lying for 10 min. Arm measurements were made on volar
(ventral) forearms of both arms, of both groups, 6 cm distal to
the antecubital crease. Thorax measurements were made on the
lateral thorax 8 cm below the axilla on both sides only in the
control group. Measurement points were first marked for
reference with a dot using a surgical pen. The dot served as the
center point for probe placements. For the control group, arm
measurements were started with the smallest diameter probe
with progression to the largest diameter probe. For all
measurements, the probe was placed in contact with the skin
and held in position using gentle pressure and values obtained
in triplicate-pairs. The first pair was done by measuring one site
and then, immediately after, measuring the same site on the
other body side (arm or thorax). This procedure was repeated
twice more. This alternating method between body sides was
employed to help obtain paired values as close in time as
possible. The time required to obtain a single measurement,
once the probe was placed in contact with the skin, was about
10 s. The elapsed time between sequential measurements at the
same site was standardized at 20 s. The time required to obtain a
triplicate measurement at a given site was 526 £ 19 s
(mean £ SD). The elapsed time between the last measurement
of one probe and the start of measurements with the next probe
in the control group forearm measurements was 60 s.

Analysis

Two parameters were used for comparison; the first TDC value
obtained and the average of triplicate TDC values. These
parameters are designated as TDC; and TDCuyg respectively.
For the control group, values for each body side were merged to

Ventral forearm (n = 40)

Lateral thorax (n = 40)

Depth (mm) TDC, TDCave 95% CI of difference Correlation R TDC, TDCave  95% CI of difference Correlation R
05 363 £ 46 362t 47 —0-37 to 0-58 0-949

1-5 340 £ 53 342+ 49 —0-56 to 0-15 0-979

25 239 £ 40 239 % 41 —0-27 to 0-26 0979 241 £ 43 241 + 41 —0-35 to 0-22 0978

5-0 211 £ 34 211 %32 —019 to 0:12 0-991

TDC; and TDC,yg are tissue dielectric constant values in relative units for single and average of triplicate measurements. Data entries are mean + SD.

Differences between TDC; and TDC,yg were statistically insignificant at the forearm for all depths and at the thorax.
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yield a total of 40 (TDC; — TDCyyg) comparison pairs for each
of the four depths for arms and 40 comparison pairs for the
2:5 mm depth at the thorax. For the lymphedematous group,
oedematous and non-oedematous arms were analysed separately
to yield 10 (TDC; — TDC,yg) comparison pairs for each arm.
For each group and depth the difference (TDC; — TDCpyg) was
determined and 95% confidence intervals of differences calcu-
lated. This approach to comparing a single measurement to an
average of repeated measurements is similar to that done for
blood pressure measurements (Fagan et al., 1988). Differences
in TDC values among depths for the control group were tested
with a general linear model for repeated measures with depth as
a within factor. Differences in TDC values between lymphede-
matous and non-lymphedematous arms in the lymphedematous
group were tested with the nonparametric Mann—Whitney
U-test. In all cases a P-value <0-05 was set as the criteria for a
significant difference. In addition, the agreement between single
and averaged measurements was evaluated using the statistical
and graphical approach of Bland and Altman (Altman & Bland,
1986). With this method, 95% upper and lower limits of
agreement (LOA) are determined by plotting the difference
between each measurement-pair (TDC; — TDCayg) versus the
(TDC, + TDCayc)2.
The upper and lower LOA are calculated as the mean value of

average of the two measurements
the differences + 2 SD and shown graphically on the same plot.
The interval between the upper and lower LOA is expected to
contain 95% of the differences between measurements made by
the two methods on individual subjects (Bland & Altman,
1999). In addition an estimate of the 95% confidence intervals
on the upper and lower LOA are calculated in accordance with
the previously established method (Bland & Altman, 2003).

Results
Control group

Tissue dielectric constant values obtained from the first measure-
ment and the average of the repeated measurements were very
close at every depth, with differences between them being
statistically insignificant as summarized in Table 1. The narrow
95% confidence intervals of the TDC; — TDC,yg differences for
forearms at all depths and for the thorax to a 2:5-mm depth,
illustrate the small difference range between TDC; and TDCpyg. As
expected, the correlation between single and average values was
highly significant (P<0-001). TDC values at forearm and thorax
were similar to each other with no significant difference between
them (P>0-5). A reduction in TDC values with increasing depth,
previously reported using average values (Mayrovitz, 2007), was
also seen here with similar depth dependent patterns and statistics
as determined by either single TDC values or averages. Both
measurement sets showed an overall statistically significant
reduction (P<0-001) with TDC values at each depth significantly
different from all others (P<0:01). For each measured depth on the
forearm and for the 2-5 mm depth on the thorax the difference
between single and average values (TDC; — TDCpyg) versus the
© 2008 The Authors
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average of the two measurements (TDC; + TDCpyg)?2 are shown
in Fig. 1. The central dashed line is the mean value of the
difference, the solid upper and lower lines are located at 2 SD
from the mean and define the limits of agreement between

10-0 -
804 0.5mm ? S

15 20 25 30 35 40 45 50

Percent difference between measurements

15 20 25 30 35 40 45 50
Mean value of two measurements
Figure 1 Bland-Altman plots showing differences between single and
averaged tissue dielectric constant (TDC) measurements for each
penetration depth on the forearm of control subjects. The vertical axis
is expressed as the percentage difference between measurements
calculated as 100 [TDC; — TDCayg/(TDC; + TDCayg)2] and the hor-
izontal axis is the mean value obtained using the two methods calculated
as (TDC; + TDCayg)2. The central dashed line is the mean difference
between measurement methods and the solid upper and lower lines are
located at 2 SD from the mean and define the limits of agreement
between methods. The line (long-dash, short-dash) above and below the
LOA are the upper and lower 95% confidence intervals on the LOA.
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Non-oedematous arm (n = 10)

Oedematous arm (n = 10)

Table 2 Tissue dielectric constant (TDC)
values for lymphedematous group.

95% Cl of 95% Cl of
Depth (mm) TDC, TDCave difference TDC, TDCave difference
2:5 250 £ 28 253 £30 —076t0 016 410X 9:0 411 £ 88 —0'53 to 0:39

Data entries are mean * SD. Differences between TDC; and TDC,yg for oedematous and non-
oedematous arms were statistically insignificant. TDC values for oedematous arms were significantly

greater than for non-oedematous arms (P<0-001).

methods and the line (long-dash, short-dash) above and below the
LOA are the upper and lower 95% confidence intervals on the LOA.

Lymphedematous group

Similar to the findings for the control group, differences
between TDC; and TDCyg values were also insignificantly
different from each other for this lymphedematous group as
summarized in Table 2. This was true for oedematous and
non-oedematous arms although absolute TDC values for
lymphedematous arms were significantly greater than for
contralateral arms (P<0-001). Correlations between single and
averaged values were also high, being 0-998 for the non-
oedematous arm and 0978 for the oedematous arm.
Contrastingly, there was no significant relationship between
TDC values obtained from the oedematous arm and those
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Figure 2 Bland-Altman plot showing differences between single and
averaged tissue dielectric constant measurements for lymphedematous

obtained from the contralateral arm for either single or
averaged measurements. The corresponding limits of agree-
ment plot for lymphedematous arms are shown in Fig. 2 with
data pertinent to Figs 1 and 2 and the thorax of control
subjects summarized in Table 3.

Discussion

The goal of this study was to determine the suitability of using a
single TDC measurement to assess local tissue water compared
to using the average of multiple measurements. The comparison
criteria used to test this was the extent to which single and
averaged measurements yielded similar TDC values in both
normal and lymphedematous tissue. The results show that the
95% confidence interval for differences between single and
averaged TDC values is less than *1 TDC unit for each condition
and all depths measured.

In addition, the limits of agreement analyses further and more
precisely define the extent of agreement. In comparing two
methods of measurement, the LOA, defined as twice the
standard deviation of differences between values obtained by the
two methods, establishes an interval in which about 95% of all
differences lie. The decision as to whether two methods can be
used interchangeably in a clinical setting requires a judgement
that is based on whether the magnitude of the LOA is sufficiently
small for the clinical purpose of the measurement. Here
interchangeability means that either method could reliably be
used to measure a patient.

The present results indicate that for the control group, the LOA
for different measuring depths on the forearm range between

arms. +6:46% at 0-5 mm depth to £4:58% at 5 mm depth with an
. Table 3 Limits of agreement between sin-
Limit of agree- gle and averaged measurement methods.
ment (LOA) 95% Cl of LOA
Depth
(mm)  Absolute % Absolute %
Control arms 0.5 +2.50 +6.46  +3.43to0—3.02 +9.37 to —8.12
1.5 +2.02 t6.16 +2.33 to —2.81 +6.99 to —=8.71
2.5 +1.47 +5.70 +1.82 to —1.91 +7.16 to —7.37
5.0 +0.90 +4.58 +1.09 to —1.20 +5.46 to —6.20
Lymphedematous arms 2.5 +1.26 +3.49  +1.89t0—-2.02 +5.09to 571
Control thorax 2.5 +1.56 +6.22 +1.97t0—-1.99 +7.79 to —8.06

CI, confidence interval.

The absolute LOA corresponds to determinations made using absolute differences between TDC

values obtained with the two methods and the per cent LOA corresponds to determinations made

using the percentage differences between TDC; and TDCyyg.
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intermediate value of +6:22% at 2:5 mm on the thorax. For
lymphedematous arms, TDC values measured to a depth of
2:5 mm on lymphedematous arms show a between methods LOA
of £3-49%. Thus the present results define the limits of agreement
and indicate that under conditions in which percentage differ-
ences of these amounts are acceptable, the single and averaged
value measurement approaches are interchangeable.

It should be noted that these findings specifically apply to
measurements carried out on the forearm and thorax as these
were the anatomical sites that were the focus of this study. These
sites were chosen because of their potential relevance to
assessments associated with breast cancer treatment-related
lymphedema.

The TDC method is simple to use and can provide data from
different tissue depths thereby offering possibilities for new
basic research investigations. The fact that a single measurement
is, within the limits of agreement described, as useful as
repeated measurements makes it even more attractive for time
conscious clinical assessments. The time saving depends on the
number of sites and depths to be evaluated. For example, to
evaluate and compare TDC values of a lymphedematous arm to
the contralateral non-affected arm at each depth in triplicate
requires about 7 min (4 depths X 2 arms X 52:6 s). If the
thorax is to be included in the clinical evaluation, evaluation
time is increased to about 14 min. Using a single TDC
measurement would reduce this time by 23 to make it less
than 5 min. Whether such time savings are useful is a matter to
be decided by individual clinicians.

Another major utility derives from the fact that tissue water
data can be obtained from any body area as measurements are
not limited to limbs as are all other methods. Thus it is possible
to assess oedemalymphedema features in the hand, finger, head,
neck, genitalia, chest and ankle and so on which may open up

new areas of inquiry.
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