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ABSTRACT

Background. Skin-to-fat tissue dielectric constant (TDC)
values at 300 MHz largely depend on tissue water and
provide a rapid way to assess skin water by touching skin
with a probe for approximately 10 s. This method has been
used to investigate lymphedema features accompanying
breast cancer (BC), but relationships between TDC and
nodes removed or symptoms is unclear. Our goals were: (1)
to compare TDC values in BC patients prior to surgery
(group A) and in patients who had BC-related surgery
(group B) to determine if TDC of group B were related to
nodes removed and reported symptoms and (2) to develop
tentative lymphedema-detection thresholds.

Methods. Arm volumes and TDC values of at-risk and
contralateral forearms and biceps were determined in 103
women awaiting surgery for BC and 104 women who had
BC-related surgery 26.3 4+ 17.5 months prior to evalua-
tion. Inter-arm ratios (at-risk/contralateral) were
determined and patients answered questions about lymph-
edema-related symptoms.

Results. Inter-arm TDC ratios for group A forearm and
biceps were respectively 1.003 £ 0.096 and 1.012 £
0.143. Group B forearm ratios were significantly greater,
and among group B patients who reported at least one
symptom there was a significant correlation between TDC
ratios and symptom burden and nodes removed.
Conclusions. Inter-arm TDC ratios are significantly rela-
ted to symptoms and nodes removed. Ratios increase with
increasing symptom score and might be used to detect pre-
clinical unilateral lymphedema using TDC ratio thresholds
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of 1.30 for forearm and 1.45 for biceps. Threshold confir-
mation awaits targeted prospective studies but can serve as
guideposts to provide quantitative and easily done tracking
assessments during follow-up visits.

Skin-to-fat tissue dielectric constant (TDC) values, mea-
sured at 300 MHz, largely depend on tissue water.'™ The
method is a convenient, rapid, noninvasive way to assess tissue
water in any skin location. One measurement takes approxi-
mately 10 s and is achieved by touching skin with a probe.” It
has been used to study variations in local water among body
sites and used in several conditions in which local skin-to-fat
tissue water and its change were of interest.”® These include
diabetes, menstruation, lower extremity edema, and head and
neck lymphedema.’™"! It also has been used to investigate overt
lymphedema and changes in localized arm tissue water
accompanying therapies for breast cancer treatment-related
lymphedema (BCRL).'? These include changes subsequent to
manual lymphatic drainage, low level laser treatment, and
intermittent pneumatic compression.'>~'> It also has been used
to characterize arm water features of women with and without
breast cancer.'®'” Despite this build up of information, the
extent that TDC values correlate with patient treatment
parameters and perceived symptoms is unclear. Thus, our goals
were twofold: (1) to compare TDC values measured in breast
cancer patients prior to surgery (group A) with those in patients
who had surgery (group B) and to determine if TDC values
measured in group B were related to patient treatment param-
eters and reported symptoms and (2) to develop tentative TDC-
related lymphedema-detection thresholds based on pre-surgery
TDC measurements.

PATIENTS AND METHODS

All group A patients had breast cancer (BC) and group B
patients had been treated for BC. All patients were current
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FIG.1 TDC probes in contact with forearm and biceps measure-
ment sites. Measurements were done first on the anterior forearm
(6 cm distal to the antecubital fossa) and then on the anterior biceps
(8 cm proximal to the antecubital fossa). All TDC measurements
were done with the subject supine with measurements started after

patients of one author (DW). Before research-related
evaluations, the research study purposes were explained to
all potential participants and all signed a university insti-
tutional approved informed consent. Measurements
(described below) were made in 207 patients: 103 pre-
surgery (group A) and 104 patients at various times post-
surgery (group B). Group A versus group B (mean £ SD)
did not differ significantly with respect to age (60.6 & 13.2
versus 60.6 = 12.1 years, P = 0.991) or body mass index
(28.3 £ 6.7 versus 28.4 + 7.1 Kg/mz, P = 0.980. Of the
104 group B patients, lumpectomy with sentinel lymph
node biopsy (SLNB) was the surgical procedure in 55.4%
of patients, axillary node dissection was done in 26.7% of
patients, and 17.8% of patients had a mastectomy. Sub-
sequent radiation was received by 77.9% of patients with
65.4% receiving brachytherapy, 9.6% receiving whole
breast radiation, 2.9% receiving external beam, and 22.1%
receiving no radiation therapy. The number of nodes
removed was 8.5 * 8.9 (range 1-30, median 3.0). Group A
patients were evaluated within 2 weeks of their pending
surgery and group B patients were evaluated on average
26.3 &+ 17.5 months  post-surgery  (range 7.3—131.2
months, median = 24.1 months).

Tissue Dielectric Constant Measurements

Bilateral tissue dielectric constant (TDC) values were
measured in triplicate at forearm and biceps using the
MoistureMeterD (Delfin Ltd. Kuopio, Finland) to an
effective measurement depth of 2.5 mm (Fig. 1). The
device displays and stores dielectric constant values, also
called relative permittivity. TDC values are ratios of tissue
permittivity to free space permittivity and thus are
dimensionless. For reference, the dielectric constant of
distilled water is approximately 76 at 32 °C.

they had been resting in this position on a padded examination table
for approximately 10 mins. Measurement data acquisition is initiated
when probe comes in contact with the skin and a single measurement
takes approximately 10 s

The method’s principle has been well described.'*'*°

Briefly, the probe acts as a coaxial transmission line
through which a 300-MHz signal is transmitted. Reflec-
tions depend on the tissue’s complex permittivity, which
depends on signal frequency and tissue dielectric constant
(the real part of the complex permittivity). At 300-MHz,
the contribution of conductivity to permittivity is small, so
TDC is mainly determined by water molecules (free and
bound). Thus, the device includes and analyzes only the
dielectric constant that is proportional to tissue water.

Intra-rater reliability was assessed via bilateral forearm
TDC measurements to 2.5-mm depth on six subjects using
intraclass correlation coefficients (ICC) that express the
percentage of variability attributable to true subject vari-
ance as opposed to measurement related variability
(between subject variation/total variation). Results showed
excellent single measure ICC value of 0.996 (95% confi-
dence interval of 0.965-1.000). Similar ICC values have
been reported.'®

Arm Girths and Volumes Measurements

Arm volumes were calculated from girths measured at
4-cm interval starting at the wrist with a spring tension tape
measure and calculating volume from the sum of segmental
volumes with a validated frustum model.*'~’

Symptom Questionnaire

All patients completed a questionnaire to determine if
any of 12 sensations were present or were experienced
since the last clinic visit. Queried sensations were fullness,
heaviness, tightness, numbness, tingling, tenderness, ach-
ing, pain, warmth, cold, swelling, and stiffness in arm,
hand, fingers, axilla, or chest. An answer of yes was scored
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as a value of 1, and a symptom score was the sum of scores
with a maximum symptom score value of 12. The questions
and their scoring were modeled after a subset of those
contained in the validated lymphedema and breast cancer
questionnaire (LBCQ).”®

Theoretical TDC Lymphedema Thresholds

Following previous approaches, inter-arm lymphedema
threshold ratios were determined by adding a multiple of
the pre-surgery standard deviation (SD) to the pre-surgery
group mean.”””" Ratios were used to investigate the
number of postsurgical patients that exceed the threshold.

Analysis

Inter-arm TDC and volume ratios (at-risk arm/contra-
lateral arm) were determined group A and group B
patients. Shapiro-Wilk tests indicated ratios were normally
distributed. Differences in ratios between groups were
evaluated with independent ¢ tests. TDC differences
between sites (forearm versus biceps) were done using
paired ¢ tests. Dependence of postsurgical ratios on treat-
ment parameters or symptoms was first investigated by
dividing group B patients into subsets above and below the
median value for the following parameters: (1) months
post-surgery at study evaluation, (2) number of nodes
removed, and (3) symptom score. Follow-up used regres-
sion analyses to determine significance of relationships
between inter-arm ratios and number of nodes removed and
Symptom score.

RESULTS
Pre- and Post-surgery Inter-arm Differentials

Pre-surgery at-risk and control arm volumes did not sig-
nificantly differ (2288 £ 726 ml versus 2300 £ 727 ml,
P = 0.367) with an inter-arm volume difference (at-risk arm—
contralateral arm) of —12 £ 122ml (range —348 to +317 ml).
Postsurgical at-risk volumes were significantly greater than
contralateral arms (2277 £710 versus 2218 £ 610 ml,
P = 0.002). The overall postsurgical inter-arm volume dif-
ference was 59 £189 ml, but comparing patients who reported
at least one symptom with those reporting no symptoms
showed a significant inter-arm difference (170 £ 251 ml
versus 4.6 = 119 ml, P < 0.01) with at-risk arms having
greater volume.

Pre-surgery at-risk and control arm TDC values did not
significantly differ at forearm or biceps with arm differentials
of —0.090 + 2.444 and 0.004 + 3.290, respectively. Post-

surgical at-risk and control arm TDC values were significantly
different with the inter-arm TDC difference being
1.32 £ 4.75 at forearm and 0.89 £ 5.98 at biceps. Compar-
ing patients who reported at least one symptom with those
reporting no symptoms showed a highly significant inter-arm
difference at forearm (2.87 £6.56 versus 0.56 & 3.36,
P < 0.01) and at biceps (2.94 £ 9.18 versus 0.10 + 3.14,
P < 0.01) with the at-risk arm having the greater TDC value.

Symptom Scores

Of the 104 postsurgical patients, 34 (32.7%) reported at
least one symptom with a distribution as summarized in
Table 1. The most frequently reported was numbness
(20.2%) followed by fullness and ache each reported by
14.4% of all patients. For those 34 patients who reported at
least one symptom, the above percentages increase to
61.8% for numbness and 44.1% for fullness and ache. The
overall average symptom score was 1.34 £ 2.6 (range
0-12). Among the 34 patients who reported at least one
symptom, the symptom score was 4.1 + 3.1 (range 1-12,
median = 3.0). No pre-surgical patient reported lymphe-
dema-related symptoms.

Overall Inter-arm Ratios

Comparisons of inter-arm ratios for TDC values and arm
volumes (Table 2) show that postsurgical patients (group
B) as a whole had significantly (P < 0.05) greater forearm
TDC ratios and greater whole arm volume ratios
(P < 0.01) compared with pre-surgery patients (group A).
When group B patients alone were considered, divided
according to having at least one symptom (Bs, N = 34) or
having no symptoms (Bns = 70), the TDC ratios of the Bs
subset were significantly greater than for the Bns subset at
forearm and biceps (P < 0.05). Comparisons of TDC ratios
between sites (forearms versus biceps) showed no signifi-
cant differences within either patient group.

Impact of Number of Nodes Removed

Postsurgical patients (group B) were divided into two
subsets: one set (set B—) was populated with patients in
whom the number of nodes removed was less than or equal
to the median number of nodes removed in the full group
B. The other subset (set B+) included patients in whom the
number of nodes removed was less than the median num-
ber of nodes removed. Patients in set B— and set B+ did
not differ with respect to body mass index (BMI)
(27.8 £ 7.6 versus 28.9 + 6.5 Kg/mz, P = 0.422) or with
respect to months post-surgery (24.9 £ 13.8 versus
27.7 £ 20.7, P = 0.426). Comparing TDC values obtained
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TABLE 1 Distribution of reported symptom sensations for the 104 post-surgery patients

Reported symptom sensations

Numb Full Ache Tingle Tight Tender Pain Stiff Swell Heavy Warm Cold
% of all patients 20.2 144 144 125 115 115 11.5 96 96 8.7 5.8 3.8
% of patients with at least one symptom 61.8 44.1 441 382 35.3 35.3 353 294 294 26.5 17.6 11.8

The most widely reported symptom was numbness that constituted 61.8% of the reported symptoms of patients with at least one symptom

TABLE 2 At-risk to contralateral side ratios for pre- and post-surgery groups

Inter-arm ratios (at-risk/

Group A (n = 103) versus group B (n = 104)

Group B patients only

contralateral)
Group A pre- Group B post- P value Symptoms (Bs, No symptoms (Bns, P value
surgery surgery n=34) n = 70)
Forearm TDC 1.003 £ 0.096 1.050 & 0.172" 0.017  1.100 £ 0.231° 1.026 £ 0.129 0.038
Biceps TDC 1.012 4+ 0.143 1.037 + 0.219 0318  1.113 £ 0.335" 1.001 &+ 0.119 0.014
Arm volume 0.994 + 0.051 1.021 + 0.070° 0.004  1.065 & 0.087* 1.000 £ 0.048 0.001
Nodes removed 114+ 95" 7.1 84 0.022

Groups A and B are pre- and post-surgery groups respectively. Bs and Bns are post-surgery subgroups with and without symptoms respectively

* P < 0.05 compared with group A
f P < 0.05 versus subgroup Bns
¥ P < 0.01 versus subgroup Bns

TABLE 3 At-risk to contralateral arm ratios for postsurgical patients

Forearm TDC ratio (A/C)

Biceps TDC ratio (A/C)

Arm volume ratio (A/C)

Parameter Set B— Set B+ P value Set B— Set B+ P value Set B— Set B+ P value

Nodes 1.013 £ 0.096 1.091 + 0.221° 0.022  0.986 + 0.106 1.094 + 0.288" 0.012  1.011 & 0.064 1.033 £ 0.075 0.105
removed

Symptom 1.025 £ 0.129 1.100 + 0.231° 0.038  1.001 £ 0.118 1.113 £ 0.335" 0.014  1.000 £ 0.048 1.065 £ 0.087"" <0.001
score

Months post-  1.072 £ 0.203 1.028 £ 0.132  0.190

surgery

1.038 £ 0.201

1.037 £ 0.238 0985 1.012 &£ 0.071 1.031 = 0.068 0.170

Set B— and set B+ indicate post-surgery group B patients whose parameter values (nodes removed, symptom score or months post-surgery) were
equal to or less than the median value of the indicated parameter (B—) or greater than the median value of the indicated parameter value (B+).
All inter-arm ratios were significantly greater for the patient subset reporting the greater symptom score

* P < 0.05 versus subset B—
" P < 0.001 versus subset B—

in the two subsets showed that forearm and biceps inter-
arm ratios were significantly (P < 0.05) greater for patients
in set B+ (Table 3). Also, patients in set B4+ compared
with B— had a significantly greater symptom score
(2.10 £ 3.35 versus 0.64 £ 1.33, P = 0.004).

Impact of Symptom Score
Dividing postsurgical patients below and above the

overall median symptom score showed that compared with
patients below the median, patients with symptom scores

above the median had significantly greater inter-arm fore-
arm and biceps TDC ratios (P < 0.05) and greater arm
volume ratios (P < 0.001; Table 3). Patients in these two
subsets did not differ with respect to age (60.6 £+ 12.8
versus 60.4 + 10.3, P = 0.934), BMI (27.7 + 6.2 Kg/m*
versus 29.6 £+ 8.6 Kg/mz, P = 0.206), and did not differ
with respect to months post-surgery (25.8 &+ 17.9 versus
272 + 16.4, P = 0.688). Patients with symptom scores
above the median had a significantly greater (P = 0.020)
number of nodes removed (11.4 £ 9.5) versus patients
with symptom scores below the median (7.0 & 8.3).
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FIG. 2 Inter-arm TDC ratio relationship to nodes removed and
symptom score. Data are for those postsurgical patients who
expressed one or more symptoms (N = 34). Solid line is the linear
regression given by the equation in the figure and the dashed lines
indicate the 95% confidence limits. a shows the forearm inter-arm
TDC ratio versus number of nodes removed and b shows the biceps
inter-arm TDC ratio versus symptom score

Additionally, if the postsurgical group is divided according
to those patients with at least one reported symptom
(N = 34) versus those with no symptoms (N = 70), then
those patients with reported symptoms also had the greater
number of removed nodes (11.4 + 9.5 versus 7.1 £+ 8.4,
P < 0.05).

Impact of Months Post-surgery

Dividing postsurgical patients below and above the
overall median months post-surgery showed no significant
differences in any inter-arm ratio (Table 3). There also was
no significant difference in age (59.6 = 12.4 versus
61.5 £ 11.7 years, P = 0.418, nodes removed (9.1 + 9.5
versus 7.8 =84, P =0.467), or symptom score

(1.3 £ 2.5 versus 1.4 2.7, P = 0.852) between these
subsets.

Correlations Among Parameters

For postsurgical patients who had at least one symptom
(N = 34, 33% of group B), there was a significant positive
correlation between inter-arm TDC ratios and the number
of nodes removed and a significant correlation between
symptom score. Considering first the number of nodes
removed (nodes), a linear regression analysis showed that
the forearm TDC inter-arm ratio (TDCgg) could be
expressed as TDCgg = 0.941 + 0.014 nodes, r = 0.571,
P < 0.001 (Fig. 2a) and biceps ratio (TDCgg) could be
expressed as TDCgrg = 0.904 + 0.018 nodes, r = 0.521,
P < 0.001. Volume ratio (VOLg) dependence on the
number of nodes removed could be expressed as
VOLg = 1.028 + 0.003 nodes, r = 0.361, P < 0.05. For
symptom score (SS), forearm inter-arm ratios could be
expressed as TDCgg = 0.931 4 0.041(SS), r = 0.550,
P <0.001 and biceps ratios as TDCgrp = 0.842 +
0.066(SS), r = 0.613, P < 0.001 (Fig. 2b). Volume ratio
dependence on score could be expressed as
VOLy = 1.022 4 0.011(SS), r = 0.377, P < 0.05. Symp-
tom scores significantly correlated with the number of
nodes removed with the regression given by SS = 2.04 +
0.180 (nodes), r = 0.552, P < 0.001. Postsurgical patients
who reported no symptoms (N = 70, 67% of group B) had
no significant correlations between inter-arm ratios and
either number of nodes removed or symptom score.

Percentage of Post-surgical Patients Exceeding
Theoretical Lymphedema TDC Thresholds

The pre-surgery mean + SD values for forearm and
biceps inter-arm ratios are 1.003 + 0.096 and 1.012 £
0.143, respectively (Table 2). A theoretical lymphedema
threshold may be described as an inter-arm ratio exceeds
the mean + o (SD) in which the choice of « depends on the
desired degree of conservativeness. Assuming a normal
distribution (which applies to the current ratios) values of
2.0, 2.5, and 3.0 would have respectively 97.7, 99.4, and
99.9 % of cases less than the threshold. Choosing the most
conservative criteria (¢ = 3.0) produces theoretical
lymphedema inter-arm thresholds of 1.293 for forearm and
1.443 for biceps. The number of patients with ratios equal
to or exceeding these thresholds was seven (6.7%) for
forearm and four (3.6%) for biceps. These percentages rise
to 14.7 and 8.8 % when only patients with at least one
symptom are evaluated. The same result was obtained for
the slightly rounded up thresholds of 1.30 for forearm and
1.45 for biceps. The least conservative threshold estimate
using 2SD ratios yielded thresholds of 1.200 and 1.300 for
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forearm and biceps. For this criterion, ten patients (9.6 %)
demonstrated an inter-arm ratio that exceeded the threshold
at the forearm and six (5.8 %) for biceps. These percent-
ages rise to 20.6 and 14.8 % when only patients with at
least one symptom are evaluated.

DISCUSSION

Evaluation of 103 breast cancer patients who were
awaiting breast surgery allowed the characterization of
inter-arm volume and TDC features of a patient group not
yet subjected to the potential lymphedema-causing proce-
dures associated with breast cancer treatment. Evaluation
of the separate group of 104 patients allowed a comparison
of inter-arm volume and TDC features as present approx-
imately 2 years after breast cancer surgery. These groups
did not differ with respect to age, weight, or body mass
index. The pre-surgery group showed no significant dif-
ferences in inter-arm TDC values or in arm volumes. This
similarity among at-risk and contralateral arms allowed the
determination of at-risk to contralateral arm TDC ratios
potentially useful as reference ratios in relation to post-
surgery patients.

A main finding of this study was the demonstration that
inter-arm TDC ratios show a significant direct relationship
to patient perceived symptoms and to the number of nodes
that were removed during the patients breast cancer related
surgery. The fact that the at-risk to contralateral arm TDC
ratios increase with increasing symptom score may indicate
that even at a low perceived symptom burden such TDC
ratios may herald the onset of pre-clinical incipient
lymphedema development. Although at this stage such a
hope is premature the present study offers a first step in
formulating theoretical TDC lymphedema thresholds based
on the TDC ratio variance in breast cancer patients prior to
their surgery. Based on the patient populations evaluated
we would recommend a conservative threshold corre-
sponding to ratios equal to the mean value prior to surgery
to which is added 3 SD. For the present series, this would
place the threshold for unilateral lymphedema if the TDC
ratio was >1.30 for the forearm and 1.45 for the biceps. A
less conservative estimate using 2.0 SD or 2.5 SD may
result in greater sensitivity but likely a decreased speci-
ficity. Because in the present study post-surgery patients
were not followed sequentially and no systematic clinical
assessments were made, confirmations of the suitability of
these thresholds and their predictive values must await the
outcomes of such targeted prospective studies. However,
we believe that the suggested threshold levels may serve as
usable guideposts for the present. Such thresholds would
provide for useful quantitative and easily done tracking

assessments of patients previously treated for breast cancer
during routine follow-up visits.
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