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Abstract

Background: Early diagnosis of breast cancer treatment-related lymphedema (BCRL) is of great importance for
longstanding treatment results. Tissue dielectric constant (TDC) and bioimpedance spectroscopy (BIS) both
have a potential for early diagnosis, but have not been compared.

Methods and Results: One hundred women, treated for breast cancer with breast surgery, axillary dissection,
and radiotherapy, were examined within one year after breast cancer treatment, as part of the follow-up
procedure. Affected/at-risk and contralateral arms were measured with the TDC technique specific to localized
skin water content and the BIS technique assessing arm extracellular fluid (ECF). Thirty-eight patients were
clinically diagnosed for lymphedema (38.0%). The sensitivity and specificity for the TDC method were 65.8%
and 83.9%, and for BIS method 42.1% and 93.5%, (p <0.001 and NS), respectively. Of all lymphedema, 18.4%
were detected only by TDC and 2.6% by BIS. Affected arm to contralateral arm TDC ratios for upper arm and
forearm, 1.56+0.49 and 1.28+0.33, demonstrating the localized feature of the TDC measurements were
significantly greater than the BIS arm ratio 1.121+0.12 (both p<0.001).

Conclusions: Discrepancies between TDC and BIS techniques in assessing lymphedema are related to different
measurement techniques and assessed tissue water components. Independently of selected technique-specific
threshold limit, the TDC technique was more sensitive than the BIS technique in the early assessment of BCRL
and demonstrated that nearly 20% of early lymphedema are only superficially localized. The results further
supported the complementary role of TDC and arm volume measurements as a highly diagnostic method for
early lymphedema.

Introduction

ARLY TREATMENT OF BREAST CANCER treatment-related

lymphedema (BCRL) is of great importance in achiev-
ing longstanding results.' Since early treatment requires early
diagnosis, the need and importance of instruments capable of
making early diagnosis have grown rapidly during the last
decade.

Bioimpedance analysis (BIA), bioimpedance spectro-
scopy (BIS), and tissue dielectric constant (TDC) using
electric current or electromagnetic fields in the noninvasive
assessment of tissue fluids are available to aid clinical
evaluation of BCRL. The bioimpedance systems BIA or
BIS apply one or several kHz to 1 MHz frequencies to
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estimate arm extracellular fluid (ECF) in patients with
BCRL.>® In the bioimpedance method, voltage between
measurement electrodes is registered in response to im-
posed electric current between drive electrodes positioned
on the hands and foot. This information is used to deter-
mine the electrical resistance of each arm. Difference in the
calculated resistance between affected and contralateral
sides yields a parameter describing a lymphedema-related
increase of the ECF space in the affected limb. However, it
is not possible to determine in which tissue component this
increase of the ECF fluid is localized. Since bioimpedance
measurements above 30 kHz decrease sensitivity to chan-
ges in ECF, they are not considered reliable for early de-
tection of lymphedema.’
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Using age, sex, and race-specific validated fluid distribu-
tion equations,® single-frequency BIA analyzers allow the
determination of body composition parameters, including
extracellular water, in ‘average’ subjects without significant
fluid abnormalities and changes in fluid ion status.” Abnormal
fluid distribution due to arm lymphedema may lead to marked
errors in the body composition parameters.'° If the shape of a
lymphedematous limb differs from that of the normal limb,
tissue shape correction factors have been applied in the es-
timation of resistance of extra- and intracellular fluids by BIA
analysis.” In multi-frequency BIS measurement, such shape
or composition based geometric factors are not applied.
Tissue composition changes in inter-arm fat and fibrotic tis-
sue are suspected to have impact on the diagnosis of con-
firmed lymphedema.”"!

The TDC method applies a high-frequency electromag-
netic (EM) field (300 MHz) through an open-ended coaxial
probe to measure the dielectric properties of biological tis-
sues.'”'> In human tissues the dielectric properties are
strongly related to tissue water content.'®'” Since the water
content in skin is high and the dielectric constant of water is
much greater than those of macromolecules (mainly proteins
and proteoglycans) and adipose tissue, the measured TDC
value is directly proportional to water content in skin.'*'®'8
Therefore, measurements of tissue water are best focused into
skin where the first signs of lymphedema are often thought to
manifest'®* and where edema is often located.”>® Using
this approach, Mayrovitz?’*® and Mayrovitz et al.>** found
in lymphedema patients significantly greater ratios of af-
fected to contralateral arm TDC values than ratios of arm
volumes or girths.

At the applied frequency of 300 MHz free and bound
water,” " molecules rotating in the EM field absorb equally
energy from the field. Thus their dielectric constants are
equal®® and both components absorb energy in relation to the
amount of water in these components. The measured re-
flected part of the EM field is attenuated and phase-shifted.*®
From this reflected wave information the tissue dielectric
constant (TDC) reflecting localized total water content is
calculated. Unlike BIA or BIS analyzers the TDC method is
applicable to assess superficial tissue water content at all
body regions, not just with limbs.

When TDC and BIS methods were compared in the de-
tection of BCRL during 24 months after radiotherapy (RT),
an increase in the TDC values and inter-arm TDC ratio re-
flecting increase of tissue water in forearm skin and at lateral
thorax was found, while BIS and limb volume measurements
showed practically no increase as compared to pre-surgery
values.>* However, in these studies, arm volumes were esti-
mated from girth measurements and thus there was no ad-
ditional independent direct measurement of arm volume
changes from which edema volume could be directly deter-
mined. Thus the present study was undertaken to extend the
prior initial findings using direct water displacement volume
determinations as a comparison reference for changes in TDC
versus BIS.

Materials and Methods

Patients

One hundred women aged 57.4 £ 11.5 years (mean= 1 SD)
(range 29-84 years) treated for breast cancer with surgery
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including axillary lymph node dissection (ALND) and ra-
diotherapy to the breast and axilla were included in the study
(Table 1). Patients were a part of the continuous institutional
follow-up program already lasting for 20 years®® at the
Lymphedema Unit, Skane University Hospital, Lund, Swe-
den. All procedures and measurements are orally informed,
conducted in accordance with the Declaration of Helsinki and
approved verbally by the patient. According to previous
analysis with similar patient material at the Lymphedema
Unit, the incidence of BCRL was 38.7%."

The first visit was scheduled at 3 months post-RT. How-
ever, 20 patients called or were referred to the Lymphedema
Unit with arm swelling or symptoms within 3 months post-
RT. Sixty-five patients were investigated within 3—6 months
post-RT. Fifteen patients were investigated after 6 months.
The reason for the late measurements was mainly due to
practical issues such as the lack of clinical time, sick-leave, or
a patient’s wish to postpone the visit due to a long distance or
an asymptomatic condition at 3 months. However, with later
occurrence of arm swelling they wanted to be examined. In
the whole material the first measurement visit was realized at
4.5+2.6 months post-RT (Table 1). During this visit, which
occurred with all patients after the surgery and RT, the TDC,
BIS, and arm volumes for affected or at-risk and contralateral
arms were measured and respective arm ratios calculated.

Since the patients were not seen pre-surgery, a handedness
(dominance) adjustment was used to compensate for possible
natural differentials in arm volume ratios. Right arm volume in
right-hand dominant women is 1.6% greater than left arm vol-
ume and 1.4% less than left arm volume in left-hand dominant
women.*® Accordingly, when setting a threshold for lymphe-
dema based on the ratio of the volume of the at-risk or affected
arm to the contralateral arm, this natural difference was taken
into account. If, as is done typically, a 5% increase in the ratio is
taken as the lymphedema threshold, then the threshold ratios
shown in Table 2 may be calculated and used. As an example to
derive the figures of Table 2, a right hand female has a right-to-
left arm dominance ratio = 1.016. If she has a right-sided cancer,
the required threshold ratio for a 5% increase would be
1.05x1.016=1.067. If she has a left-sided cancer, her left-to-
right threshold ratio would be (1/1.016) x1.05=1.033.

Criteria for lymphedema

The three criteria in the diagnosis of lymphedema (LE)
were (1) affected or at-risk arm excess volume >5% measured

TABLE 1. CHARACTERISTICS OF THE STUDY GROUP

Number of subjects 100

Age (years) 57.4+11.5

BMI (kg/m?) 26.5+4.4

Number of patients with lumpectomy 55
and ALND*

Number of patients with mastectomy 45
and ALND*

Operation site (right/left) 45/55

Operated side dominant/nondominant 48/52

Number of nodes removed 14.8+4.8

Time from the end of treatment to diagnosis 4512.6

of lymphedema (months)

*All patients had axillary RT as well as RT to remaining breast
tissue (after lumpectomy) or to the thoracic wall (after mastectomy).
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TABLE 2. THRESHOLD RATIOS (AT-RISK OR
AFFECTED/CONTRALATERAL) USED TO DEFINE
PRESENCE OF LYMPHEDEMA USING CORRECTIONS
FOR NATURAL HAND DOMINANCE DIFFERENCES
IN ARM VOLUME RATIOS

Cancer side

Hand dominance Right Left
Right 1.067 1.033
Left 1.036 1.065

by water displacement method (WDM) and corrected for arm
dominance, (2) increased subcutaneous thickness on palpa-
tion of the medial and lateral side, and (3) a patient’s expe-
rience of arm tension, the latter two criteria also compared to
the contralateral arms.*! Of these three criteria, two should be
fulfilled for the diagnosis of lymphedema. In 90 patients, the
diagnosis was based on WDM and on criterion 2 and/or 3. In
10 patients, the diagnosis was based exclusively on criteria 2
and 3 (i.e., the dominance-corrected arm volume ratio in these
patients was less than 5%). With all patients, the diagnosis of
lymphedema was made by one of the authors (KJ). During the
interview, a patient’s experience on arm tension was regis-
tered followed by palpation of subcutaneous thickness and
measurements of BIS, TDC, and arm volume, always in the
same order.

Measurement systems

Water displacement method (WDM). Arm volume was
measured with the water displacement method,**™** consid-
ered by some as a gold standard. Accordingly, the at-risk and
contralateral arms were submerged in a cylindrical water
container as described previously.! Arms were in a straight
position with fist resting with the proximal phalanges at the
bottom of container. Since the upper edge of the container
was tightly pushed against the axilla due to the water drain
pipe, the proximal site of arm volume measurement was
approximately 5 cm distal to axilla. The volume displacement
was measured in grams and converted into milliliters.

Tissue dielectric constant (TDC) measurement. The
TDC technique in the assessment of lymphedema has been
described in the literature.'®?’3* The device, (Moisture-
MeterD, Delfin Technologies Ltd, Finland), consists of four
open-ended coaxial probes intended to measure tissue water
at effective depths from 0.5 to 5 mm. The dimensions of the
coaxial probes define the penetration of EM fields in tissue.*’
Physically, the effective measurement depth is defined as a
depth where the EM field has attenuated to 37% of the value
at the surface.'® The probe used in this study had a diameter
of 2.3cm and an effective measurement depth of 2.5 mm.
This is the probe depth that has most often been used to assess
lymphedema in skin and upper subcutis.*’*

With the patient in a supine position with arms slightly
abducted and outward rotated, two sites on the medial side of
each arm were measured; one site on the upper arm 5cm
proximal to the antecubital fossa and one site on the forearm
5 cm distal to the antecubital fossa. The medial site was se-
lected since by clinical experience increased thickness of
subcutaneous tissue is most often found at the medial site of
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the arm. When the probe is gently placed on the surface of
skin, the measurement starts. After 5 seconds, the dielectric
constant of the measurement site (i.e., the dimensionless
TDC value) can be read on the device display. At the applied
EM frequency of 300 MHz, the TDC values vary between 1
(vacuum or practically air) and about 78.3 for pure water at
25°C.*® The TDC values of the biological materials range
typically between 20-50 corresponding tissue water content
of about 25%—-60%. Inter-arm TDC ratios 1.45 and 1.30 for
upper arm and forearm were used to differentiate a lymphe-
dema patient and non-lymphedematous patient.*’

Bioimpedance spectroscopy (BIS). Extracellular fluid in
the arm was measured using a sweeping frequency bioelec-
trical impedance meter (model SFB7, Impedimed Ltd, Aus-
tralia). All measurement procedures were fully in accord with
the manufacturer’s recommendations. Using several fre-
quencies between 5kHz and 1 MHz and Cole-Cole model-
ing,*® the resistance at zero frequency Ry, the indicator of arm
ECF, was calculated.****° Prior to the application of surface
electrodes all jewelry was removed and the skin was cleaned
with an alcohol wipe. With the patient lying supine with arms
along her side, the electrodes were positioned on the upper
limbs using the equipotential principle,’’ in line with the ulna
styloid and 5 cm distally, on the dorsum of the hands. One
electrode was placed on the dorsal surface of the right foot
over the third metatarsal bone. Both arms were measured in a
similar manner and the resistance at zero frequency (Rg) de-
termined for each arm in order to express the result as R of
contralateral arm/R of affected or at-risk arm (i.e., BIS Ry
ratio). The BIS Ry threshold ratios of lymphedema 1.066 and
1.139 for nondominant and dominant arm were used.®

Table 3 summarizes the technical features and differences
between the practical measurements of the TDC and BIS
methods.

Statistical calculations

Statistical calculations were conducted using SPSS (ver-
sion 19.0.0.2, IBM, NY, USA) and Microsoft Excel (version
2010, Microsoft, WA, USA) software. Statistical significance
in TDC (upper arm and forearm) and BIS R, parameters
between lymphedema and non-lymphedematous patients was
tested with paired sample z-test. Significance of differences in
arm ratios between TDC and BIS techniques was tested using
a paired r-test. Difference in TDC (upper arm TDC and
forearm TDC) and BIS R absolute values between affected
or at-risk arm and contralateral arms in lymphedema and non-
lymphedematous patients was tested using a paired ¢-test. In
the four-field analysis comparing the TDC and BIS tech-
niques in the diagnosis of LE, the correlations among pa-
rameters were performed using a y*-test. A p-value <0.05
was considered significant.

Results

Thirty-eight patients (38.0%) had BCRL (Fig. 1). The
sensitivity and specificity for the TDC method were 65.8%
and 83.9% and for BIS method 42.1% and 93.5%, (p <0.001
and NS), respectively. In 25 TDC-detected skin lymphedema
patients, 9 patients (36.0%) had increase of skin tissue water
in upper arm, 6 (24.0%) in forearm, and 10 (40.0%) at both
sites.



TABLE 3. TECHNICAL DIFFERENCES BETWEEN TDC AND BIS TECHNIQUES IN ASSESSMENT OF LYMPHEDEMA

TDC (MoistureMeterD)

BIS (SFB7)

Operation principle

Frequency applied

Current flowing in the body

Number of electrodes/probes

Duration of one measurement (incl.
electrode placement)

Depth of measurement

Measurement quantity

Measurement parameter

Applicability

Patient preparation

Patient position

Skin-skin contacts between arms
and legs

Arm and hand position

Removal of shoes, socks, watches,
bracelets, anklets

Measurement at the same time
of the day

Bladder emptying necessary

Dominant side affects the
measurements

Measurement sites

Electrode contact with skin

Hairy skin shaving

Precautions for measurement

Pregnancy contraindication

Pacemaker or metals contraindication

Problems if patient in contact with
metals

Electromagnetic fields 300 MHz
No, local measurement

1 probe

5 sec

Effective depth 2.5 mm

Tissue dielectric constant

Total tissue water in skin and upper
subcutis

Practically all body sites

Sitting or supine (with 2-5 min rest)
No effect

Freely on both sides or over the thorax
Not needed to remove

Recommended, but a slight effect

No
No

No gel*
Yes (with very hairy skin)

No problem
No problem
No effect

Electric currect 4-1000 kHz
Yes

4 electrodes

Appr. one minute

Not defined
Resistance
Parameter related to ECF fluid

Limbs

Lying preferred (with 3-10 min rest)
Limbs should be abducted

Palms flat on the couch

Must be removed. Shoes removed
if affecting electrode placement

Recommended

Recommended
Yes

Electrodes pre-coated with gel
Not mandated

Contraindication
Contraindication
Yes

Information on TDC and BIS from authors’ experience, published articles and user instructions/recommendations or preferences.
*Skin hydration creams may increase skin surface hydration (i.e., hydration of stratum corneum) if applied just before TDC
measurement. Cream removal with alcohol wipe is then recommended. For skin water content measurement, stratum corneum hydration

has a negligible influence.

Patients with
lymphedema
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|
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10 patients diagnosed by 28 patients diagnosed by arm
palpation findings and volume.mea.sultement and
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|
| | | | | |
Dx by TDC DxbyTDC | | pxbyBISonly| |DxbyTDConly || DxbyTDC Dx by BIS only || Dx neither by
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TDC detected 16/28, BIS 13/28
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TDC detected 25/38 = 65.8%, BIS 16/38 = 42%

FIG. 1.

Technique-specific classification of the clinically diagnosed (Dx) patients with lymphedema. The patients were

classified into different groups if the lymphedema threshold limits of each technique were exceeded.
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In ten lymphedema patients who were diagnosed only by
clinical criteria (Fig. 1) not supported by arm volume mea-
surement, 9/10 (90.0%) had increase in skin tissue water via
TDC and 3/10 (30.0%) in arm ECF via BIS. In non-
lymphedematous group, 10/62 (16.1%) and 4/62 (6.4%)
patients exceeded the TDC and BIS lymphedema threshold
limits, respectively.

The 13/38 (34.2%) lymphedema patients whose skin tissue
water was not increased had an increase of arm volume ra-
tio (mean 7.3%, range 3.0%-12.3%). In 22/38 (57.9%)
lymphedema patients whose arm ECF via BIS was not
increased the arm volume ratio was increased (mean 7.5%,
range 3.3%—-11.1%).

In seven patients (7/38 =18.4%) TDC was the only quan-
titative tool to assist lymphedema diagnosis but BIS only
with one patient (1/38=2.6%).

Table 4 summarizes the TDC and BIS R absolute values for
the lymphedema group and non-lymphedematous group of
patients. In lymphedema patients, the upper arm and forearm
TDC values were significantly greater than in contralateral
arms (upper arm: 33.94+9.7 vs. 21.7+2.6, forearm 32.7+8.1
vs. 25.612.9, both p<0.001), while with the BIS technique
the affected arm R, values were significantly smaller than in
contralateral arms (295.3+41.3 vs. 331.1+£32.9, p<0.001). In
non-lymphedematous group of patients the at-risk side upper
arm and forearm TDC values were significantly higher than in
contralateral arms (upper arm: 23.5+4.3 vs. 222134,
p=0.014; forearm: 27.0+4.4 vs. 25.8+3.7, p=0.03, respec-
tively) while with the BIS technique the respective values were
significantly smaller than in contralateral arms (327.3+33.8
vs. 335.7+34.3, p<0.001).

Figure 2 illustrates the arm ratios of the WDM, BIS, and
TDC techniques for affected or at-risk and contralateral arms
of the lymphedema and non-lymphedematous patients. In six
lymphedema patients, the increase of skin water content was
more than 100% compared with the contralateral side. The
upper arm TDC ratio 1.56+0.49 was significantly greater
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than forearm TDC ratio 1.28 £0.33 (p <0.001) and the ratios
were significantly greater than the BIS Ry ratio 1.12+£0.12
(both p<0.001).

Discussion

Observed prevalence of BCRL 38.0% within one year
post-RT is in accordance with previous estimates of 33%—
54% in patients with breast cancer surgery, axillary clear-
ance, and related RT."?7>* Based on the technique-specific
lymphedema threshold limits, the TDC technique detected 25
of 38 (65.8%) patients clinically diagnosed for lymphedema.
Thirteen lymphedema patients who could not be diagnosed
via TDC had a marked increase in arm volume (mean 7.3%).
On the other hand, in 10/38 lymphedema patients whose arm
volume was under the 5% lymphedema threshold limit, the
TDC measurements indicated a marked superficial lymphe-
dema with increased skin water content ranging from 21% to
126% (mean 62%). As discussed in the next section, these
findings can easily be explained, if in the former case lym-
phedema was mainly deeply localized and in the latter case
only superficially. These data then raise a question whether
the TDC and arm volume method would work complemen-
tary. In the present material, the sensitivity of the combined
TDC/arm volume technique increases to 97.4% with only one
false-negative case among 38 lymphedema patients (Fig. 1).
The complementary technique might then replace the semi-
quantitative lymphedema criteria (palpation of subcutaneous
thickness and a patient’s experience of arm tension) with
quantitative measures.

The BIS technique detected 16/38 (42.1%) patients clini-
cally diagnosed for lymphedema illustrating a marked dif-
ference between the TDC and BIS methods. The lower
sensitivity of the BIS method might partly be due to the
present findings where lymphedema was manifesting only in
the upper arm or forearm segment but the BIS technique is
measuring whole arm ECF space. Second, as discussed in the

TaBLE 4. TDC AND BIS RESULTS FOR LYMPHEDEMA AND NON-LYMPHEDEMATOUS PATIENTS

TDC value BIS Ry value (Q)
Contralateral Contralateral  Affected/at-risk Contralateral
Upper arm arm Forearm arm arm arm
Patients with 33.9+9.7% 21.7+2.6 32.7+8.1% 25.6+29 295.3+41.3* 331.1£32.9
lymphedema
Patients without ~ 23.5+4.3%%* 222+34 27.0+£4.4%* 25.8+3.7 327.3+£33.8%* 335.7+£34.3
lymphedema
TDC ratio
Upper arm Forearm BIS Ry ratio
Patients with 1.56 £0.49* 1.28+£0.33* 1.12+£0.12%*
lymphedema
Patients without 1.06£0.19 1.05+£0.17 1.03+£0.04
lymphedema

LE group: *TDC and BIS R, values of affected arms were significantly greater than for contralateral arms (p <0.001). The upper arm
TDC ratio was significantly greater than the forearm TDC ratio (p<0.001). The upper arm and forearm TDC ratios were significantly

greater than the BIS Ry ratio (both p<0.001).

No LE group: **TDC values of upper arms and forearms were significantly greater than for contralateral arms (p=0.014 and 0.03,
respectively), BIS Ry values were significantly smaller than contralateral arms (p<0.001).
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FIG. 2. Affected or at-risk arm to contralateral arm ratios for each patient and as means+ SD with different methods (arm
volume, BIS, and TDC) in lymphedema (LE) and non-lymphedematous (Non LE) patients. The TDC ratios for upper arm
and forearm in patients with LE were significantly greater than the respective ratios with arm volume and BIS R, methods
(both p<0.001). The arm ratios of various methods in non-lymphedematous patients were not statistically different.

next section, the sensitivity is lowered if the BIS technique is
measuring mainly deeply localized lymphedema, although
lymphedema might only be superficial. If the previously
presented TDC/arm volume complementary principle is ap-
plied with the combined BIS/arm volume lymphedema de-
tection, the sensitivity of the BIS method would increase
from 42.1% to 81.5% and the number of false-negative cases
would decrease from 58.0% to 18.4%. The number of false-
negative patients is still high but slightly better than 27.0%
when diagnostic accuracy of the BIS and arm volume by a
Perometer technique was compared.”

Diagnostic power between TDC and BIS techniques

Since the diagnostic power of a specific technique is de-
pendent upon the selected inter-arm threshold ratio and
threshold criteria (mean+2SD or mean+3SD determined
from a healthy population), the sensitivity and specificit
based on conservative and revised BIS threshold limits®>°
were calculated and compared with those obtained with the
TDC threshold criteria. Table 5 illustrates that the selection
of 2SD criteria increased sensitivity of all techniques com-
pared with 3SD criteria. Simultaneously, the specificity de-
creased with 2SD criteria. While specificity of the revised
BIS 3SD criteria was better than with conservative 3SD
criteria (100% vs. 93.5%), sensitivities were poor in both
cases, 42.1% vs. 36.8%. These results support the conclu-
sions that the TDC skin water measurements were best aiding
the diagnosis of early lymphedema and early swelling de-
tected in the first measurement visit within one year post-
treatment may occur only in skin but also at deeper structures.
The situation may be different when pretreatment data is
available and patients are in a regular follow-up.

The two techniques compared in the present study are
sampling different tissue compartments that may complicate
the comparison of the current results. Recently, segmental and
spot bioimpedance measurements have become available for
the assessment of BCRL>"™ and thus, it would be valuable to
compare such measurements with highly-localized TDC
measurements. However, currently there is no scientific evi-
dence whether the diagnostic power of these local/loco-
regional BIS measurements would be better than that of the
conventional and widely used BIS technique. Thus, compari-
son of the diagnostic power of TDC and conventional
BIS techniques, both proposed for early detection of BCRL,
might be more relevant than evaluating the performance of
segmental/spot BIS measurements.

Although sensitivity and specificity are dependent on the
selected thresholds limits and 2SD or 3SD criteria, they are

TABLE 5. SENSITIVITY AND SPECIFICITY FOR
CONSERVATIVE ® AND MORE COMMON (REVISED)®
BIS THRESHOLD LiMITS AND FOR TDC TECHNIQUE

USING MEAN +2SD OrR MEAN +3SD CRITERION
FROM HEALTHY POPULATIONS

Threshold limit Threshold  Sensitivity — Specificity
specifications criterion (%) (%)
TDC (Mayrovitz +2SD 76.3 75.8
et al., 2015)47 +3SD 65.8 83.9
BIS (Cornish +2SD 73.7 79.0
et al., 2001)%¢ +3SD 42.1 93.5
BIS (Ward +2SD 68.4 88.7
et al., 2011)° +3SD 36.8 100.0
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also dependent on clinical diagnostic criteria applied in
different studies. In the present study, the diagnosis was
based on three criteria, while in previous BIS studies the
diagnosis of lymg)hedema was mainly based on single BIS-
specific criteria.”® If the BIS technique is essentially a
volume measurement technique,”” all patients with lym-
phedema cannot necessarily be diagnosed by single BIS
threshold criteria.

Figure 1 illustrates that 10 of 38 lymphedema patients were
diagnosed for lymphedema even their affected arm volume
(<5%) was not indicative for lymphedema. In the present
investigation we have adopted the arm volume measurement,
palpation of skin and subcutis in the medial and lateral elbow
region, and a patient’s symptom of arm heaviness for the
basis when diagnosing early lymphedema (i.e., the authors
follow the Stanton et al. recommendation on multiple criteria
in predicting early, mild lymphedema). According to Stanton
et al.,*' “arm volume is of little value in diagnosing early,
mild BCRL, and reliance on comparison of arm volumes or
circumferences will cause an underestimation of the preva-
lence of BCRL” and “‘edema can be limited to certain region,
e.g., hand and wrist only, or upper arm.”” The co-author of the
manuscript (KJ) has found that using this diagnostic approach
BCRL can be identified at an early stage and edema volume
kept at a low level for at least 10 years.'

Localization of arm skin lymphedema

The TDC ratio in lymphedema patients in the affected arm
with respect to the contralateral arm was significantly greater
in upper arm 1.56+0.49 than in forearm 1.28+0.33 (re-
presenting edema of 56% and 28%, respectively) (Fig. 2).
The observation of the greater edema in upper arm skin might
be related to dermal backflow when due to axillary blockage
subfascial lymph flow is redirecting back to epifascial lym-
phatics,®® resulting in an increase of tissue water in skin.

Non-lymphedematous patients exceeding
technique-specific lymphedema threshold limit

The TDC ratio in the non-lymphedematous 62 patients
indicated that 10 patients (16.1%) had an increase of tissue
water in skin. In 5 of these patients, a TDC ratio was sup-
porting lymphedema only in the upper arm, while in another
5 patients only in the forearm, respectively. Increase of arm
volume or ECF fluid was found by the WDM or BIS methods
in 5/62 (8.1%) and 4/62 (6.4%) of patients. The follow-up of
these patients will show whether the patients were at-risk to
develop lymphedema.

Origin of physiological information between
the TDC and BIS techniques

The BIS technique is described as measuring extracellular
fluid at the applied low kHz to 1 MHz frequencies.” ®4%-1-5
The BIS technique is essentially a volumetric technique
providing a measurement index that is highly correlating with
Perometer-measured increase of lymphedematous arm vol-
ume in patients with confirmed arm lymphedema,™ but
whether such a correlation exists with early lymphedema has
not been reported.

The data at each frequency are used in a Cole-Cole model*®
from which the resistance Ry at zero frequency is calculated.

LAHTINEN ET AL.

Ry is a model-based value for arm extracellular fluid that is
calculated since the resistance of the arm at direct current (i.e.,
at zero frequency) cannot be measured. Ry is a composite
resistance that includes all arm tissue components and as far as
the authors know there is no scientific evidence available on
the relative contributions of the individual components to R,.
However, since arm tissues at low kHz to hundreds of kHz are
essentially resistive, an arm segment can well be approximated
by five parallel tissue components consisting of skin, subcutis,
muscle, bone and blood for constant current BIS devices (Fig.
3a,b). The resistances of the components can be calculated in
the following way. Assume the arm segment has a length L and
volume V. Thus V, the volume of the segment is given by
V=LxA, where A is the arm cross-section consisting of each
tissue component A; expressed as

A= Askin + Asubculis + Amuscle + Abone + Ablood

Since the resistance of each component R; can be expressed as
Ri = Lz/GiVi = L/O']'Ai

only the surface areas A; and conductivities a; of different
tissue components are needed to calculate the resistance of
each component. To obtain approximate values we can cal-
culate the resistance of an average arm assuming it is with a
45cm length and with a diameter of 8.4cm. For skin,

a
Skin (9.3%)
Subcutaneous fat (21.3%)
Muscle (53.6%)
Bone (12.8%)
Blood (3.0%)

A
v

45 cm

b 76.5%

Reuscle= 378 Q

Rpone= 6364 Q

100 % 100 %
Rb|00d= 38720
9.9%
> Rgyin= 2907 Q
1.5%
Rsubcutis= 19100 Q

FIG. 3. Five-component resistive model for the arm
(length L =45 cm) describing (a) the major components and
their proportion (%) of arm cross-sectional area (blood
component not illustrated due to its small size), (b) in per-
centage the proportion of low kHz to 1 MHz electric current
flowing through different tissue components. Resistance
of each component defines the current flow through the
components.
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TABLE 6. PARAMETER VALUES USED IN THE FIVE-COMPONENT MODEL
Skin Subcutaneous fat Blood Bone Muscle
Morphological Thickness 2.0 mm Fat layer thickness 3.0% of arm @ 30mm®' (%) 19.2 mm (*%%)
parameters 5.0 mm*? volume (*)
Conductivity (S/m) 0.3 0.02 0.7 0.1 0.4

*Estimated fractional blood volume.

**Diameter of mid-humerus 25 mm, radius and ulna together approximated to have the same diameter 25 mm. Since distal and proximal
ends are larger, a diameter of ‘average arm bone’ 30 mm was selected.
***Muscle layer between fat and bone, calculated by subtracting skin, subcutaneous fat, blood, and bone cross-sectional areas from arm

cross-sectional area.

subcutaneous fat and bone components the average cross-
sectional areas can be calculated from the published data*°'
(Table 6).

Blood cross-sectional area was estimated by average
fractional blood volume data for major arm tissue compo-
nents to 3%.°>% The muscle area was calculated by sub-
tracting from the arm total cross-sectional area the surface
areas of skin, fat, bone, and blood. Average conductivity
values for skin, fat, bone, and blood and a longitudinal con-
ductivity for muscle from kHz to hundreds of kHz were
used®* (Table 6).

Figure 3b illustrates that the muscle component has the
lowest resistance while subcutaneous fat with low conduc-
tivity has the highest resistance. The calculated total arm
resistance that includes all of the parallel components in the
model is R=289 Q. This value is of the same order as the
typical resistance values Rq (290-360 Q) obtained by the BIS
technique in this study and with Cole-Cole modeling.*®°
Based on the resistance values of the each tissue component it
can be calculated that 76.5% of the total electric current flows
through the muscle component and 9.9, 1.5, 4.5, and 7.6%
through skin, subcutis, bone, and blood components, re-
spectively. According to model calculations for an increase
of 20% in skin tissue water, the total resistance changes less
than 2.5%. This indicates that such a 20% change in skin water
would be essentially undetectable with multi-frequency
BIS analyzers that have a reported accuracy of +3% for
resistance R0A65

Using the same model it can be shown that for an increase of
20% in skin tissue water the arm volume changes less than 2%
(i.e., such a 20% change in skin water volume is practically
undetectable by arm volume measurement). Calculations based
on this simple, but representative model, suggests that the main
route of electric current in the BIS technique is through the
well-conducting (subfascial) muscle component that is largely
spared of swelling and to a lesser amount throu%h the skin
where early lymphedema is thought to manifest.”**"*® The
simulations also demonstrate that arm volume measurement is
not sensitive to assess lymphedema in skin. Thus measure-
ments of skin changes would seem to be indicated.

Technical differences between TDC and BIS methods
in the assessment of lymphedema

Technical basis underlying the TDC and BIS techniques is
different. In the TDC technique, a very high frequency EM
field of 300MHz is induced locally into the skin. This
selection enables the measurement of the major components
of extracellular water (i.e., free water and bound water

attached on the surface of macromolecules with equal access
until to the effective depth of 2.5 mm).'"®*> Although intra-
cellular fluid (ICF) space is also measured the size of ICF,
localizing mainly to thin epidermis, is small compared with
ECEF space of the skin. Therefore, the TDC technique reflects
changes of interstitial fluid space in skin.

In the BIS technique of applying several low kHz to 1 MHz
frequencies, the contributions of free and bound water in the
measured conductivity have not been investigated but at higher
frequencies (>10 MHz) the free water component may domi-
nate the ECF measurement due to higher conductivity of free
than bound water Component.35 Since in skin, uy to 50%-90%
of the skin tissue water is considered bound,***"¢7%% it has not
been shown whether the BIS technique has equal access to
both tissue water components of the extracellular fluid space.

Conclusions

In the TDC technique, localized tissue water in skin where
early swelling in lymphedema is thought to exist was mea-
sured. The TDC skin water measurements were best aiding
the diagnosis and localization of early lymphedema and also
detected a number of non-lymphedematous patients poten-
tially at risk for later occurrence of lymphedema. The present
results, without pretreatment data available, support the view
that early swelling detected in the first measurement visit
within one year post-treatment may occur only in skin but
also at deeper structures. The situation may be different when
pretreatment data are available and patients are in a regular
follow-up. Arm volume measurements are an important
supplement when the TDC measurement cannot characterize
lymphedema superficially. The results thus support the
complementary role of TDC and arm volume measurements
as a highly diagnostic method for lymphedema.

Results from the BIS technique were not correlating well
with TDC technique in the assessment of patients with or
without lymphedema. This is due to differences in the
physiological basis of measurement information, but also in
the technical and electrical solutions between the TDC and
BIS methods. Five-component resistive arm model suggested
that subfascial muscle component dominates the results of
the BIS technique since the muscle component has the lowest
resistance of arm tissues.
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