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Tissue dielectric constant (TDC) values assess certain skin properties that are dependent on multiple factors
but mainly on the relative amount of water content within a locally measured tissue volume. Because of the
non-invasive nature of these measurements and their ease of use, the method has been widely used in
various medically related applications. The goal of this paper was to review and describe the uses and
findings of such TDC measurements, considering and including the wide array of medical applications. The
review is in part based on information derived from an analysis of published material obtained via literature
searches of four major electronic databases and, in part, based on the author’s experience with the TDC
measurement methods and their various applications and his professional experiences. The databases
searched were PubMed, Web of Science, EMBASE, and CINAHL Complete. Based on the initial search
criteria, a total of 1257 titles were identified. After removing duplicates and filtering according to relevancy,
160 remained for detailed further review. In some cases, the bibliography of these retrieved articles provided
additional sources. The findings demonstrate multiple research and medical uses and applications of TDC
measurements, focusing on detecting and quantifying localized edema and lymphedema in multiple target
sites. These include the upper and lower extremities, breasts, and trunk as regions involved in medical
conditions causing lymphedema. In addition, the findings suggest that TDC evaluations are a convenient,
non-invasive method to study and evaluate other conditions impacting skin, including diabetes mellitus and
skin wounds or ulcers. Its ability to detect aspects of tissue changes simply and rapidly at almost any
anatomical location makes it a useful tool for investigating multiple dermatological conditions and their
treatment as future applications of this method.
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Introduction And Background

The term tissue dielectric constant (TDC) was originally introduced in 2007 to refer to the permittivity of
biological tissue as measured at a frequency of 300 MHz [1]. At that time, the aim was to evaluate the skin-
to-fat tissue of the arm to characterize the relative amount of water in localized tissue to assess breast
cancer-related lymphedema (BCRL). However, measurements of the dielectric constant of biological
materials had long predated that time. Pioneering work in the application of such measurements was done
by Schwan et al. [2-5], who built upon and extended the work of Cole et al. related to cell suspensions [6,7].
The use of radio and microwave frequencies combined with transmission line principles and associated
mathematics led to the development of methods to measure dielectric constant values of tissues in vitro
from various organs [3-12]. Measurements were made in vivo in a single subject [13], but for the most part,
these tissue measurements were confined to the laboratory given the equipment needed. However, based on
analyses and engineering design efforts [14-16], a device in the form of a portable open-ended transmission
line emerged [17]. A commercialized version of the measurement system was developed that had four
different-sized probes with diameters ranging from 10 to 55 mm and connected to a control box that
generated a 300 MHz signal, as pictured in Figure 1.
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FIGURE 1: TDC probes and measurement applications on the arm

(A) and (B) show measurements on the forearm and biceps using the 2.5 mm depth probe. Part (C) shows the
probes available, their outside diameter, and their effective measurement depths. The probes are connected to a
control box that generates a 300 MH signal and processes the reflected signal that is used to determine the TDC
value that is displayed on the display. The figure is courtesy of Dr. HN Mayrovitz.

The 300 MHz signal was sent through the probe, which functioned as an open-ended transmission line. As a
consequence, the reflected wave could be analyzed within the software of the control box to calculate the
effective dielectric constant through well-established methods [9,14,18]. With further developments in
technology, these processes were all integrated into a compact device, shown in Figure 2, that had an
effective penetration depth of between 2.0 and 2.5 mm [19].
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FIGURE 2: Compact version of the TDC measurement device

The outside diameter of the outer electrode is shown as 20 mm. The figure illustrates a measurement of the
forearm with the compact device. The figure is courtesy of Dr. HN Mayrovitz.

These developments in technology and capability allowed the utilization of TDC values for the assessment
of skin tissue properties that were revealed by the dielectric constant of the tissue volume interrogated by
the incident electromagnetic wave. One of these properties relates to the amount of water within the
measured tissue volume since the TDC value is strongly dependent on tissue water content [20]. As a
consequence, measurements of TDC provide a convenient method to assess tissue water and its change.
Capitalizing on this property, some of the earliest medical applications targeted conditions in which tissue
water and its change were of clinical interest, such as cerebral edema [21-23] or lung edema [24] which were
studied in experimental animals. Applications that used probes similar in function to those shown in Figure
I and applied to humans in 2003 targeted changes in skin-to-fat water associated with cardiac surgery in a
group of 29 patients [25]. Subsequently, TDC measurement use has expanded to a variety of medical
applications. One of these is related to assessing upper extremity lymphedema, which is a complication of
breast cancer treatment referred to as BCRL. This condition has an incidence that ranges from 20 to 60% [26-
30] and is evaluated with various methods to detect its presence and track its progression. These include
arm circumference measurements [31-34], arm volume measurements [35-39], and the determination of the
electrical impedance of the arms [40-44]. This same type of measurement can be applied when the
edematous or lymphedematous condition is in the lower extremities [45-48]. However, when it comes to
measuring localized edema or lymphedema, either at specific locations on the limbs or anywhere on the
body where lymphedema detection or tracking is indicated, there are limited methods available. One such
method, which is the main subject of this paper, is the measurement of TDC. Thus, the specific aim herein
was to review and describe the uses and findings of TDC measurements, considering and including their
wide array of medical applications.

Review
Methods

This review is in part based on information derived from an analysis of published material obtained via
literature searches of four major electronic databases and, in part, based on the author’s experience with the
TDC measurement methods and their various applications, his professional experiences, and the original
material of the author. The databases searched were PubMed, Web of Science, EMBASE, and CINAHL
Complete. The primary search term strategy for each of these was as follows: The term “dielectric constant”
was searched in combination with a logical AND for the term’s “skin” or “edema” or “lymphedema” as
(dielectric constant) AND (skin OR edema OR lymphedema). Using this strategy, a total of 1257 titles were
identified. Duplicate titles from the four databases were eliminated, and the retrieved titles were screened
for potential relevance via an abstract review for further clarifications if warranted. This review and filtering
process reduced the likely relevant articles to 160. The present author was a primary or co-author on about
half of these (59), and the remainder were retrieved if not already available and reviewed. In some cases, the
bibliography of the retrieved articles provided additional sources. Supplemental searches were done as
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needed. The manuscript is organized as follows: The first part describes general aspects of TDC applications
by considering many of the main factors that impact their value and interpretation. These include factors
such as the number of measurements per site, variations by anatomical location, depth of the measurement,
subject age, gender, or race, and even the time of day of the measurement. This is followed by a review of its
many medical applications.

General aspects

Each available device has pros and cons. The multiprobe set (Figure /) can measure to varying depths (0.5
mm to 5.0 mm) [49] but is less mobile than the compact version (Figure 2). The compact device also has a
pressure sensing process to help increase repeatability but offers measurements only to a single depth [50].

Number of TDC Measurements per Site

The measured TDC value is localized in that it reflects the value of the tissue volume roughly equal to the
product of the probed diameter and its effective measurement depth. Because the TDC value largely depends
on tissue water content, it is useful in the assessment of edema, lymphedema, and its change. As with any
such measurement, there is a need to balance the number of measurements per site with the time required
for multiple measurements. This aspect has been studied [51,52].

In one study, similar TDC values were found based on a single measurement or the average of triplicate
measurements in healthy and lymphedematous arms. In that study, ventral forearms were measured
bilaterally to a depth of 2.5 mm in 10 women with unilateral arm lymphedema. The 95% confidence interval
for differences between single and averaged values was found to be less than # 1 TDC unit for both arms
[51]. Another study measured the anterior forearms of 20 healthy women to 0.5, 1.5, 2.5, and 5.0 mm depths
and also measured the lateral thorax bilaterally on 10 women with BCRL to a depth of 2.5 mm. The 95%
confidence interval for differences between single and averaged TDC values was less than = 1 TDC unit, and
the limits of agreement between methods were less than + 2.5 TDC units (¥ 6.5%) for each condition, site,
and depth measured. If this level of agreement is acceptable, suitable clinical assessments can be made
using a single TDC measurement.

Extensions to other anatomical locations were carried out on a group of 60 female subjects [53]. TDC was
measured bilaterally in triplicate at the forearm, hand palm, lateral calf, medial calf, and foot dorsum.
Single, duplicate, and triplicate values were compared for absolute TDC values and inter-side ratios.
Differences between single and multiple measurement averages were anatomical site-dependent, with the
smallest coefficient of variation (2.19%) at the forearm and the largest at the lateral calf (4.59%). Thus, if
clinical time is of major concern, useful TDC data may be obtained in upper limbs by a single TDC
measurement per site, but lower extremity skin assessments are best with duplicate and preferably triplicate
measurements.

Variations in TDC Values by Anatomical Location

This issue has been studied at various sites on the forearm, different upper arm sites, and lower extremities
[49,54-56]. In a study of 30 healthy women, TDC was measured on the anterior forearm midline and also 1.2
cm medial and lateral to the midline at sites 4, 8, and 12 cm distal to the antecubital crease [54]. The midline
and medial TDC values increased progressively from 4 to 8 to 12 cm sites (p<0.001). At a depth of 2.5mm,
TDC values increased, with a maximum difference of 8.2 + 10.6%. For all sites, TDC values were lower
(p<0.001) with increasing depths. Thus, TDC increases from proximal to distal sites and should be considered
since such differences are important when evaluating patients with arm lymphedema [56]. Handedness does
not appear to have an impact on measured TDC values [57].

Other information on the variability of TDC by location emerged from a study of 36 women who were
followed for 78 weeks after their breast cancer surgery [56]. TDC and arm girth were measured bilaterally at
multiple arm sites on multiple occasions. An inverse correlation was found between TDC and girth
(p<0.001), but TDC values decreased with distance from the wrist (p<0.001). Differences in TDC values
between anterior and medial sites at the same longitudinal position have also been investigated [58].
Forearm TDC was measured to multiple depths in 40 women, with no statistical differences between
anterior and medial sites found. In that study, a moderate correlation was found between the total body
water percentage and the TDC value, which was greatest when measured to a depth of 5 mm.

Variations in TDC Values by Measurement Depth

TDC values depend on free and bound water in the measured tissue volume; thus, tissues with more fat hold
less water, and the TDC value is lower. Thus, in anatomical areas with more subcutaneous fat, TDC values
tend to be lower, especially when measurements are made at deeper levels. This finding has been
experimentally demonstrated [59-61]. In one of these studies, the anterior forearm TDC was determined
bilaterally at depths of 0.5, 1.5, 2.5, and 5.0 mm in 40 healthy women with BMI values within the normal
range. This determination was then compared to the subjects' total body water percentage (TBW%) and arm
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percentage fat (AF%) [62]. TDC was found to directly correlate with TBW% (r=0.512, p=0.001) and inversely
correlate with AF% (r= -0.494, p<0.001). The correlations were found to be greatest at the deepest
measurement depth. When TDC was measured in overweight or obese women, a similar depth dependence
was obtained for measurements made on the forearms and biceps [63]. TDC differences between women who
were overweight and obese were not apparent, possibly due to a threshold for TDC dependence on body fat
percentage.

In contrast to the decreasing TDC values with increasing measurement depth obtained in the arm or leg, at
some anatomical sites, the pattern may be different, as was demonstrated via measurements made on the
hand palm, thenar eminence, great toe, and foot dorsum to depths of 0.5, 1.5, and 2.5 mm [55]. TDC values
decreased with increasing depth at the hand palm, thenar eminence, and great toe, but there was essentially
no change on the hand and foot dorsum. The depth to measure depends on the measurement goal,
considering that some processes start deeper in tissue and others are shallower.

Variations in TDC Values by Age

The age factor was investigated in a group of 69 women in whom TDC was measured to depths of 0.5, 1.5,
2.5, and 5.0 mm on both forearms [64]. The women evaluated had a broad age range of 22-82 years and a
BMI of 18.7-46.1 kg/m2. TDC values decreased with increasing depth (33.7 + 5.8 at 0.5 mm to 21.8 # 3.7 at 5.0
mm), but at all depths, the inter-arm ratios did not differ and ranged from 1.025 + 0.081 at 0.5 mm to 1.017 +
0.097 at 5.0 mm. TDC values at a depth of 0.5 mm and 1.5 mm increased with increasing age, but there was
no age dependence of TDC values at 2.45 or 5.0 mm. Thus, TDC values are affected differentially by age in a
depth-dependent way.

More information about the age factor emerged from a study of 200 women in which 50 women had TDC
measurements made bilaterally on anterior forearms at either 0.5, 1.5, 2.5, or 5.0 mm depths [65]. The age
factor was studied by comparing subjects <40 years with subjects >60 years. TDC values at 0.5 and 1.5 mm
were reported to be greater for older women (p<0.001). Similar but less dramatic age-related changes were
uncovered in 60 males in whom TDC was measured bilaterally to the same multi-depths on the forearm [66].
There were three groups of 20 each compared: 24.0 * 0.9, 40.0 + 12.9, and 71.0 * 8.0 years. Except at a 0.5
mm depth, there was no statistical TDC difference among these groups. Taken together, the female and
male results may be due to skin water shifting from bound to more mobile with increasing age. Similar
results were reported for a group of 60 women in whom an age-related increase in TDC was found only to a
depth of 0.5 mm [67]. Age-related changes impact long-term longitudinal tracking studies and also shape
what reference values are in relation to a patient’s age.

Variations in TDC Values by Gender

The potential gender factor was investigated in a study of 30 men and 30 women in whom TDC was
measured on their forearms, forehead, and cheeks to a depth of 1.5 mm [68]. TDC values had a wide range
from 39.6 £ 2.9 at the forehead of the male group to 28.2 + 2.4 at the forearm of the female group. TDC values
were significantly different (p<0.001) among each site in the order forehead > cheek > forearm. Male TDC
values were greater than those measured in females at corresponding anatomical sites (p<0.01), with
differences ranging from 5.6% at the forehead to 11.3% at the forearm. The gender factor was consistent with
later findings, in which 32 male and 32 female subjects were evaluated [19]. In this study, the device used
was the compact version with a fixed measurement depth of between 2.0 and 2.5 mm. TDC data was

obtained bilaterally on forearms and biceps, with the result that female values were significantly less than
those obtained from males at similar anatomical sites. In a subsequent investigation of forearm TDC values
in 280 young adult subjects per gender, the greater TDC values for males vs. females were confirmed for all
depths of 0.5, 1.5, 2.5, and 5.0 mm [60]. Male-female percentage differences ranged from 14.8% to 22.0%.
The overall gender-related findings suggest that gender differences should be considered in any study in
which men and women are included in a common study population with respect to experimental design and
data interpretation. This is especially true if absolute TDC values are of interest rather than changes in TDC
on the same subject subsequent to an intervention.

Variations in TDC Values by Race

Potential differences in TDC among persons of different races or ethnicities were investigated in 100 persons
with 20 subjects each self-identifying as Caucasian, African-American, Asian Indian, Asian, or Hispanic [69].
TDC was measured at a depth of 1.5 mm on the forearms. For females (10 per group), analysis of variance
among races indicated an overall significant difference among races (p<0.01), with the difference mainly due
to the larger TDC value of Caucasians vs. Asian-Indians (p<0.05). Also, TDC values for Asian and Asian-
Indian groups were lower than for Caucasians. Males did not show a difference among races at the forearm
but did have an apparent race-related dependence at other sites, including the chest and foot. Follow-up
analyses indicated the chest difference was due to a TDC value of African Americans that was larger than
either Caucasians or Asian-Indians (p<0.01). Contrastingly, differences at the ankle were due to a larger TDC
value in Caucasians with respect to all other groups (p<0.01). Thus, TDC dependence on race is a factor that
should be considered in assessing skin hydration comparisons that include different races. However, despite
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these variations among races, no such differences were found between inter-arm TDC ratios, and this ratio
remains a robust indicator of unilateral tissue water changes.

Variations of TDC Values by Time of Day

Since TDC measurements may be made at variable times during the day, knowledge of potential variations in
their value is useful, especially in longitudinal assessments of patients. To investigate this factor, TDC was
measured multiple times during the day in a group of 12 young adult females [70]. Measurements were made
at one-hour increments starting at 0800 and ending at 2000 hours at four anatomical sites: the face just
below the eye, mid-cheek, anterior forearm, and medial calf. Results indicated that TDC at the eye, cheek,
and forearm decreased during the day with morning-to-night changes of 11.2 £ 8.3%, 6.8 £ 5.7%, and 5.6 *
6.0%, respectively. Contrastingly, calf TDC values progressively increased with morning-to-night increases
of 9.3 £ 10.7%. Thus, when absolute values of TDC are of relevance, the time of day of measurement may be
important. However, when inter-limb ratios are used to assess the water status, the time of day is of much
less importance [71].

Reliability Considerations

To gain insight into the reliability of these TDC measurements, a test-retest investigation was done in which
TDC was measured in 40 healthy persons by two measures [72]. The measurements were made on multiple
anatomical sites and were able to estimate the minimum detectable change (MDC) of TDC measurements
and the interclass coefficients (ICC). The MDC was between two and nine TDC units, with inter-side ratios
ranging from 5.3% to 8.0%. ICC values were between 0.765 and 0.982. These variations depended on the
measurement depth and the body fat and water percentage. These findings were amplified in a study of 30
women who had confirmed BCRL and in whom intra- and inter-rater reliability was determined with TDC
measurements at multiple sites [73]. ICC values were between 0.648 and 0.947 for intra-rater measurements
and between 0.606 and 0.941 for inter-rater measurements. The range was dependent on the anatomical
sites measured.

TDC applications in relation to BCRL
Upper Extremity Lymphedema

A study that focused on TDC measurements in relation to BCRL was reported in 2007 [1]. TDC was measured
bilaterally to multiple depths in the forearms of 18 healthy women who served as controls and in 15 women
who had been diagnosed with unilateral BCRL (patients). TDC in the lymphedematous arms of the patients
was greater than in their contralateral arms (p<0.001). At a measurement depth of 2.5 mm, inter-arm TDC
ratios for patients were 1.64 + 0.30 vs. 1.04 = 0.04 for controls (p<0.001). No patient’s TDC ratio was <1.2, and
no control’s TDC ratio was >1.2.

Further work evaluated 90 women, including 30 women with unilateral BCRL, 30 women with breast cancer
awaiting surgical treatment, and 30 healthy controls [74]. TDC was measured bilaterally to determine inter-
arm TDC threshold ratios. TDC values did not differ between control groups, but the women with BCRL had
higher values. Inter-arm ratios for the 60 women without lymphedema were 1.006 + 0.085 and were
significantly less than for the women with BCRL, who had an inter-arm TDC ratio of 1.583 + 0.292. An at-
risk/contralateral TDC ratio of 1.26 was suggested as a possible threshold for detecting preclinical or latent
lymphedema.

To further study the utility of these inter-arm TDC thresholds for detecting and tracking BCRL, TDC values
were obtained in 240 women [75]. A threshold was defined in this case as the mean value plus three standard
deviations (SD) above the mean. Based on these measurements, a threshold TDC ratio of 1.2 was suggested.
Further investigation of the use of inter-side ratios for early detection was undertaken by measuring 100
women who had been treated with breast surgery, axillary dissection, and radiotherapy [76]. It was
determined that 18.4% of early BCRL were detectable only with this method because early events started
localizing superficially. Also, of the 38% of patients who had clinical lymphedema, the TDC method was
reported to have a sensitivity of 65.8% and a specificity of 83.9%.

Further studies were done on 207 women, of whom 104 had experienced breast surgery for breast cancer and
103 had breast cancer but were awaiting their surgery [77]. TDC was measured to 2.5 mm bilaterally in
forearms and biceps, and inter-arm ratios were determined. An inter-arm TDC threshold for early detection
of pre-clinical unilateral lymphedema of 1.3 for the forearm and 1.45 for the biceps was suggested by the
data. The threshold criteria were used to track 80 women who had TDC measurements done prior to their
breast cancer surgery and then for up to 24 months afterward [61]. In another study, TDC values (forearms
and biceps) were obtained in 42 women who were awaiting breast cancer surgery and in 41 healthy women,
for a total of 83 inter-arm assessments [78]. A three SD inter-arm threshold ratio of 1.20 and 1.24 for the
forearm and biceps was obtained. A test of the suitability of this ratio was done by evaluating 63 women, of
whom 32 had BCRL and 31 had breast surgery for cancer but, as of yet, were free of BCRL [79]. Sensitivity
and specificity based on inter-arm TDC values were reported as 65% and 94%, respectively. Other studies
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determined threshold TDC ratios for hands [80]. In this study, 70 women were evaluated, with half <35 and
half >50 years of age. An age-independent two SD threshold of 1.23 was reported based on the findings of
this study. A study that compared using TDC inter-arm thresholds vs. water displacement found that both
were useful, but the TDC method, when used alone, could diagnose lymphedema earlier than the water
displacement method [81]. TDC inter-arm ratios have also been used to track the need for reestablishing
early-initiated compression to minimize the likelihood of transitioning to chronic lymphedema [82]. It is
also noteworthy that TDC measurements have been used to assess the outcomes of treatments such as local
cooling [83] and radiotherapy [84].

Breast Lymphedema

Lymphedematous conditions of BCRL do not just involve one arm area, thereby indicating the need for
assessments of TDC values in other areas. This was done in a group of women awaiting breast cancer
surgery (patients) and a group of healthy women (controls) [49]. Measurements were made at the mid-
forearm, mid-biceps, axilla, and lateral thorax at a depth of 2.5 mm. TDC was largest at the axilla (36.4 £ 8.9)
and least at the biceps (21.6 + 3.5). Patient vs. control comparisons showed slightly greater forearm and
biceps TDC values for patients but no difference in inter-side TDC values in patients or controls, suggesting
that cancer presence itself did not significantly affect TDC values. Additional studies extended these
investigations by evaluating 120 women who were awaiting breast cancer surgery [85]. The main aim was to
formulate inter-side lateral thorax thresholds. The findings suggested a 2.5 SD thorax-to-thorax TDC
threshold ratio of 1.32.

Breast edema or lymphedema can also be present as a complication of breast cancer-related treatment and
may be present with or without arm or trunk lymphedema and other conditions [86]. Breast TDC values have
been investigated as a way to better characterize the breast edematous condition [87-91]. Based on healthy
inter-breast TDC values, an inter-breast diagnostic two SD threshold ratio of 1.40 was reported and applied
to 118 women who had received breast cancer surgery and radiotherapy [87]. Based on the 1.40 threshold
criterion, it was found that 31.4% of patients had breast edema after surgery, even prior to the end of their
radiotherapy. This percentage increased to 62.4% four weeks after the end of radiotherapy. A longer follow-
up time of about two years included 65 of these patients, indicating the percentage of these that had inter-
breast ratios above the threshold was 28% [38].

The 1.40 threshold criterion was used to investigate a group of 10 women with BCRL [89]. The TDC values of
the breast on the affected side were significantly elevated in comparison with the contralateral breast. In
addition, the TDC ratio was related to the breast drainage pathway pattern and dermal backflow. TDC
methods were also of use in characterizing changes in breast edema in 56 breast cancer-treated patients who
had breast edema as determined by the 1.40 threshold [90]. After wearing either a standard or a compression
bra for nine months, a reduction in TDC was observed that was correlated with the patient’s perceived
feeling of breast heaviness.

Trunk Lymphedema

Another area of interest in patients who have had breast cancer-related surgery is the development of
lymphedema in the trunk [92-95]. An interesting observation of this condition has been made from MRI [96].
In this study, a group of 13 women who had BCRL and swelling or subjective symptoms of truncal
lymphedema was evaluated. All patients had subjective symptoms and seven had visible swelling, yet the
MRI revealed no free water signals on the affected side of the trunk of any patient. Herein, it may be
theorized that the swelling and symptoms may be attributable to bound water which is measurable by TDC
methods. As noted, these measurements have been taken from healthy subjects, suggesting inter-side
thresholds for lymphedema of 1.32. However, they have not yet been correlated with MRI data.

Applications of TDC measurements to lower extremities
Normal Features, Variability, and Thresholds for Lower Extremity TDC Values

Characteristics of TDC values and features of lower extremities are less studied than those for upper
extremities. The locations of lower extremity measurements depend on the purpose of the evaluation. Sites
that have been measured include the foot dorsum, the calf or gaiter area (as illustrated in Figure 3) on
medial, anterior, and lateral sites, and in some cases the thigh.
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FIGURE 3: TDC measurement example on the lower extremity

A compact version is shown measuring in the gaiter area of the right leg of a patient. Note that the display on the
compact device shows the TDC value (36.7) and also the percentage of water (46.1%) at this location. This figure
is courtesy of Dr. HN Mayrovitz.

In one study designed to investigate site variability, TDC was measured at multiple longitudinal sites on the
legs of 18 healthy women at 10, 20, 30, and 40 cm proximal to the medial malleolus on the medial aspect of
the leg [97]. In that study, except for the 40 cm location, there was little variability among the TDC values
obtained at the other sites. In addition, day-to-day reproducibility via test-retest was reported as excellent.
Other measurements of the lower extremities of 30 healthy women showed significant differences between
TDC values at the foot, ankle, and calf [98]. TDC values in that study ranged from 37.8 £ 5.5 on the foot to
30.5 + 3.9 on the lower leg. These workers suggested that TDC values of 35.2 for the ankle and 38.3 for the
lower leg are useful as upper normal reference limits in women. The reliability of lower extremity TDC
measurements was assessed in a group of 61 healthy subjects (33 female) in whom TDC was measured at
multiple leg sites twice, two weeks apart [99]. For TDC measurements, considering all measurement
locations, the standard error of the measurement was reported to range from 3.9% to 14.5%. It was
suggested that TDC values made near the tendon or bone be carefully interpreted.

Other measurements aimed at characterizing potential differences to be expected among circumferential leg
TDC values reported small but statistically significant differences among medial, anterior, and lateral sites
when assessed at multiple depths. As a consequence, it was suggested that this fact be considered when
evaluating or tracking tissue water changes. The question of differences in TDC values between paired legs
was also investigated in a small group of 10 women to determine a potential inter-leg threshold ratio usable
for detecting unilateral leg lymphedema [71]. Based on this small sample, an inter-leg threshold of 1.2 was
suggested. Because lower extremity lymphedema (LEL) is often bilateral, the search for a method that was
not based on inter-leg ratios was sought and proposed [100,101]. This method used the ratio of leg-to-
forearm TDC ratios obtained from healthy persons to set a potential lymphedema threshold at 1.35. TDC
values above this would suggest the presence of LEL, and changes in this value could be used to track
treatment outcomes. Other studies on patients with LEL were consistent with this threshold criterion [102].

Lower Extremity Lymphedema

LEL is a complication of various conditions, including gynecological surgery for various cancers [103-105], as
well as for other cancers such as melanoma [106], prostate [107] cancer, and other non-cancer-related
conditions [108]. The reported incidence of LEL depends on the method used to determine its presence and
ranges from about 35% to 70% [109-111]. The applications of TDC to assessing lower extremity skin features
and its potential use for diagnosis and tracking of LEL are more limited than for similar uses in BCRL. In one
study, the sensitivity to detect LEL in a group of 106 patients treated mostly for endometrial cancer (N = 52)
or ovarian cancer (N =40) was reported to be greater than the standard leg circumference measurement
procedure [112]. In that study, bilateral TDC measurements were made on the thigh and calf of the women
for a mean follow-up time of about three years. Pitting edema was observed in up to 17.5% of patients, and
these patients had a greater measured TDC value than those patients without pitting (35.9 * 10.4 vs. 27.2 *
7.5). With respect to quantifying the presence of LEL or tracking its progression, a leg/arm threshold ratio of
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1.35 may be useful [104].
Assessing Lymphedema Treatment

Various treatments for LEL are available and include manual lymphatic drainage (MLD) as the most
frequently used [113-115]. One study utilized TDC measurements to try to assess the utility of a single MLD
treatment session and was able to use pre- and post-treatment TDC measurements to achieve this [116].
Other treatment modalities for LEL that have used TDC measurements to assess outcomes include laser
therapy [117] and pneumatic compression [118]. In addition, the use of TDC measurements has been
evaluated as a method to distinguish LEL from lipoedema [119].

Applications of TDC measurements for various conditions

Diabetic Skin Assessment

The potential linkages between diabetes mellitus (DM) and potential skin problems are well documented
[120-122]. Because of this connection, some studies have attempted to use TDC measurements to assess
certain features of skin in persons with DM. To investigate skin water status, TDC was measured in 36
persons (18 with DM) to depths of 0.5, 1.5, and 2.5 mm at the foot dorsum and forearm bilaterally [123]. It
was reported that all persons with DM had higher foot dorsum TDC values than those without DM, whereas
values at the forearm did not significantly differ between groups. The TDC values of the DM group, when
measured to a depth of 2.5 mm, were about 15% greater. This finding suggested that unrecognized edema
was present. Subsequent research focused on the potential link between HbA1c values and skin water as
measured using the TDC method [124]. In that study, TDC was measured in 50 patients with DM at depths of
0.5, 1.5, 2.5, and 5.0 mm at the foot dorsum, calf, and forearm. Though there was a significant increase in
foot-to-arm TDC values, there was no significant relationship found between the absolute TDC value and
HbA1c or the patient’s fasting glucose level.

Dehydration Status

Because TDC values are strongly dependent on skin tissue water, the use of this method to assess body water
status has been evaluated in several studies. The possibility of tracking fluid status using TDC
measurements was evaluated by measuring TDC on the forearm, thigh, and abdomen in 29 patients prior to
their cardiac surgery and for some days afterward [25]. By weighing the patient, a significant correlation
between TDC values and weight was reported for weight gain from baseline to the second post-operative day
(r=10.600, p<0.01) but not for a weight loss interval from days two to four. These data leave the question of
tracking dehydration status unresolved. However, more recent information derived from 10 healthy
exercising subjects indicates a tracking of hydration status via TDC values [125]. Other studies, in which the
relationship between total body water percentage and measured TDC values was investigated, were also
consistent with TDC being a possible indicator of body fluid status [62].

Wound Feature Assessment

Several workers have addressed the issue of using TDC measurements in conjunction with wound
assessments. An early study compared wounded skin with normal skin and reported that the wounded skin
had about a 12% higher value [126]. Subsequently, the open-ended coaxial line method was used to evaluate
the skin injury produced by irradiated breast skin [127]. A two-year follow-up of 21 patients indicated as
high as a 39% reduction in TDC that correlated with the presence of subcutaneous fibrosis. Pressure ulcers in
patients with spinal cord injury were evaluated using this method to a depth of 1.5 mm, in which peri-
wound skin areas were compared to non-injured skin [128]. The values obtained were among the first to
report peri-wound values in this type of setting and condition. Further research into the use of TDC-related
measurements indicated their potential use to detect early phases of pressure ulcer development at the
sacrum [129] and heel [130]. The TDC method has also been suggested as a useful approach for
characterizing and tracking changes in lymphedema associated with head and neck cancer [131].

Conclusions

The findings demonstrate multiple research and medical uses and applications of TDC measurements,
focusing on detecting and quantifying localized edema and lymphedema in multiple target sites. These
include the upper and lower extremities, breasts, and trunk as regions involved in medical conditions
causing lymphedema. In addition, the findings suggest that TDC evaluations are a convenient, non-invasive
method to study and evaluate other conditions impacting skin, including DM and skin wounds or ulcers. Its
ability to detect aspects of tissue changes simply and rapidly at almost any anatomical location makes it a
useful tool for investigating multiple dermatological conditions and their treatment as future applications of
this method.

Additional Information
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