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A New Technique for the Quantification
of Peripheral Edema with Application in Both
Unilateral and Bilateral Cases

Bruce H. Cornish, PhD,* Brian J. Thomas, PhD,* Leigh C. Ward, PhD,"
Cherrell Hirst, MBBS,* lan H. Bunce, FRCPA,® Brisbane, Australia

Current noninvasive technigques for the routine and frequent quantification of peripheral
lymphedema in patients are total limb volume measurement (by water immersion or by
circumferential measurements) and bioelectrical impedance analysis (BIA). However both of
these technigues require standardizing the measurement using a contralateral measurement
from the unaffected limb. Hence these technigues are essentially restricted to unilateral
lymphedema. This paper describes the results from a preliminary study to investigate an alter-
native approach to the analysis of the data from multiple frequency BIA to produce an index
of lymphedema without the need for normalization to another body segment, Twenty patients
receiving surgical treatment for breast cancer were monitored prior to surgery and again
after diagnosis with unilateral lymphedema. The data recorded were total limb volume, by
circumferential measurements; and BIA measurements of both limbs. From these measure-
ments total limb volumes and extracellular fluid volumes were calculated and expressed as
ratios of the affected limb to that of the unaffected limb. An index of the ratio of the extra-
cellular fluid volume to the intracellular fluid volume was determined. This ECW/ICW index was
calculated for both the affected and unaffected limbs at both measurement times. Results
confirmed that the established techniques of total limb volume and extracellular fluid volume
normalized to the unaffected contralateral limb were accurate in the detection of lymphedema
(p<10®). Comparison of the ECW/ICW index from the affected limb after diagnosis with that
from the pre-surgery measurement revealed a significant (p<10°%) and considerable (75%)
increase. The results of this pilot study suggest that by using multiple frequency bioelectrical
impedance analysis, an index of the ECW/ICW ratio can be obtained and this index appears to
have an equal, or better, sensitivity than the other techniques in detecting lymphedema. More
importantly, this index does not require normalization to another body segment and can be
used to detect all types of peripheral edema including both unilateral and bilateral
lymphedema.
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Introduction

Swelling of tissue due to edema is one of the ear-
liest and classical signs of diseases, such as
chronic venous insufficiency, kidney failure, burn
injury, or disturbed -circulation of lymph.
Lymphedema, also called ‘lymphostatic disorder,’
is characterized by excess protein and edema in
the tissues, which leads to chronic inflammation
and fibrosis." Primary lymphedema is relatively
uncommon. However, secondary lymphedema is
a common sequela of either radiation therapy or
surgery, particularly in the treatment of cardiac
disorders and also different types of malignancy
including breast, uterine, ovarian, and prostatic
carcinoma.” It may occur in one or both arms or
legs and presents as an enlargement and distor-
tion of the limb(s) usually accompanied by pain,
recurrent infection, reduced mobility, and im-
paired function.

Surgery or radiation therapy to the axillary or
inguinal areas brings with it a substantial risk of
producing lymphedema of the arms or legs. This
is brought about by coincident unavoidable and
irreversible damage to the lymphatic channels.
While the true incidence of secondary lymphede-
ma is unknown, the reported incidence of lymph
stasis, for example after mastectomy varies from
25.5% to 38.3%, depending on the type of
surgery and whether or not the patient received
radiation therapy.®* Treatment of breast cancer
alone therefore, given the incidence of the dis-
ease, produces a large at-risk population.

Although the assessment of edema is clearly
of clinical importance relatively few objective
and accurate techniques for its measurement
exist,”” and these can be broadly classified into
three categories.

Imaging Techniques

These include lymphoscintigraphy, computed to-
mography (CT), and magnetic resonance imaging
(MRI) . However these procedures can only be
conducted in major facilities using expensive
equipment.® The first two also deliver a small but
significant radiation dose to the subject.

Total Limb Volume Measurements

This involves measuring the volume of the entire
affected limb; and comparing the value with that
of the contralateral unaffected limb, in the case
of unilateral lymphedema; or comparing the

value with previously recorded measurements, in
the case of bilateral lymphedema. These tech-
niques include volume measurement by perome-
try, water displacement and longitudinal circum-
ferential measurements.® However as previously
reported,’ these techniques suffer an inherent
and unavoidable loss in precision as they measure
the volume of the entire limb to detect small
changes in the volume of the extracellular fluid
compartment (which comprises approximately
25% of the total volume).

Bioelectrical Impedance Analysis

In recent years the technique of bioelectrical im-
pedance analysis (BIA) to detect body composi-
tion has been applied to the quantification of
unilateral lymphedema.’®'* For an independent
review see reference 13. The procedure involves
passing an extremely small electrical current
through the body and measuring the impedance
(or resistance) to the flow of this current. The
electrical current is primarily conducted by the
water containing fluids in the body; this water is
contained both within the cells, intracellular
water (ICW), and external to the cells, extracel-
lular water (ECW). While the total concentra-
tion of solute (osmolarity) of both compart-
ments is equal, their electrical properties differ
significantly. One important difference is due to
the effect of the cell membrane which acts as an
insulator at zero or low frequencies, thus pre-
venting the electrical current from traversing the
ICW. However as the frequency of the current is
increased the insulating effect of the membrane
decreases and the current passes through both
the ECW and ICW.

By measuring the impedance over a range of
frequencies, (5 kHz to 1 MHz), using multiple
frequency bioelectrical impedance analysis
(MFBIA), and applying a theoretically based
mathematical model to the measured data, the
impedance at zero frequency can be deter-
mined.'* This value cannot be measured direct-
ly as an electrical current of zero frequency (DC)
cannot traverse the skin/electrode interface. The
importance of the impedance at zero frequency
is that this value represents the impedance of
the ECW fluid alone since as explained above
the cell membrane acts as an insulator at DC.
Hence by using MFBIA, an estimate of the ex-
tracellular fluid volume alone can be obtained.
Similarly, by application of the mathematical
model the resistance at infinite frequency can be



obtained,'® and subsequently the resistance of
the ICW.

We have previously demonstrated that
MFBIA can be used to quantify the amount of
lymphedema by comparison of MFBIA measures
for the affected and non-affected limbs. The
MFBIA technique was used to monitor the effi-
cacy of treatment for lymphedema in patients
following surgery for breast cancer.'” The tech-
nique was shown to be significantly more sensi-
tive than circumferential measurements and
able to detect small differences in the extracel-
lular volumes between the arms of any individ-
ual. However an essential feature of the tech-
nique is the standardization of the measurement
using the impedance of the unaffected con-
tralateral limb, and also (to a lesser extent) the
comparison with the individual’s baseline mea-
surement rather than a population normative
value.

The need for this individual normalization
of the bioimpedance measures is to account for
the variation in anatomical measurement values
(eg arm length and diameter) between subjects
and also the biological variations with time for
any given subject, due to diet, physical activity,
and so on. These requirements limit the appli-
cation of the technique to unilateral lymphede-
ma and preferably in situations where pre-
surgery or pre-treatment measurements are
known. The fact that the bioimpedance mea-
sures from any individual need to be normalized
before comparison with any reference value ap-
pears to be an unavoidable necessity. However,
if there was another reference measurement
from the same subject which could account for
these variations, these limitations would be
eliminated thus enabling the technique to be ap-
plied to a much larger number of clinical cases
including bilateral edema in general, as may
occur, for example, in chronic venous insuffi-
ciency. This paper presents the results of a pre-
liminary study investigating an alternative con-
cept in the analysis of the MFBIA data, which
may prove to considerably enhance and expand
the application of the technique in the monitor-
ing of all types of peripheral edema.

During the early stages of lymphedema there
is little change to the lean tissue mass (and there-
fore ICW) of the limb and only the volume of the
ECW increases. Hence, by normalizing measures
of ECW against ICW of the same limb, a reliable
technique for the detection of lymphedema can
be obtained without relying on measurements
from another body segment.
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Subjects and Methods

Twenty patients who were treated for breast can-
cer and subsequently developed lymphedema had
measurements recorded prior to surgery and
again after clinical confirmation of the condition.
All volunteers gave full, written, informed con-
sent and the research project was conducted with
the approval of the Human Research Ethics
Committee of the Queensland University of
Technology.

Limb Volume Measurement

Total limb volume was determined by the estab-
lished procedure using the measured circumfer-
ence at fixed intervals along the limb. The accu-
racy and validity of this procedure has been re-
ported as being equivalent to that of water dis-
placement techniques.'® Circumferential mea-
surements of the limb using a tape measure were
recorded at 10-cm intervals from the pisiform
prominence of the wrist up to a total distance of
40 cm. Volumes of each 10-cm segment of the
limb were calculated using the average of two cir-
cumferential measures and assuming a simple
cylindrical geometry. Total limb volume was cal-
culated as the sum of the volumes of the four in-
dividual segments.

Total limb volume was calculated from the
circumferential measurements for each individ-
ual, and the ratio of the limb volumes recorded.

Va  Volume at risk limb BT
Vu Volume ‘normal’ limb &

Bioimpedance Measurement

Impedance measurements of each limb were
recorded after a short period of rest using a mul-
tiple frequency bioimpedance meter (SFB3 bioim-
pedance monitor manufactured by SEAC,
Brisbane, Australia) with the subject lying supine,
arms outstretched and slightly abducted from the
body with the palms facing down. Two ‘measure-
ment’ electrodes were placed at either end of the
40 em length over which the circumference mea-
surements were made and ‘drive’ electrodes were
placed 8 to 10 cm distal to the measurement elec-
trodes.'” These electrode sites were chosen in
preference to the standard shoulder to wrist
sites,’ so that direct comparisons could be made
between the volumes measured by the circumfer-
ence method and by the MFBIA technique. The
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software supplied by the manufacturer was used
to determine the resistance of the limbs at zero
frequency and at infinite frequency.'* The resis-
tance of the intracellular fluid (R;) was calculated
as the parallel difference between the total resis-
tance (at infinite frequency) and the resistance of
the extracellular fluid (R, the resistance at zero
frequency)'® The volume of fluid measured is
given by:

V:__.

Eq. 2
R q

where p = resistivity of the fluid; 1 = length of
segment; and R = measured resistance.

Given the length is constant for the ECW and
ICW measurements of the same region, the ratio
of ECW/ICW is then:

ECW
ICW
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Assuming that the resistivities of the extracellu-
lar and intracellular fluids are relatively con-
stant,'”'® the ratio of the resistances can be used
as an accurate ‘index’ of the ratio of the fluid com-
partments. Hence:

Eq. 4
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Results

Characteristics of the subject group are listed in
Table L. The volume of each limb was calculated

Table 1. Subject characteristics (n=20).

from the circumferential measurements and the
ratio of the volume of the at risk limb to that of
the contralateral normal limb determined. The
mean and standard deviation of these ratios were
calculated for both measurement times (pre-
surgery and after diagnosis of lymphedema). The
second measurement time was within one month
after clinical confirmation of the disorder.
Similarly the means and standard deviations for
the ECW/ICW indices for the at risk limb and con-
tralateral normal limb were also found. For the
purpose of comparison with the standard bioim-
pedance method,'” the ratio of the resistances at
zero frequency R, (normal limb)/R, (at risk limb)
were also calculated (note that resistance is in-
versely related to fluid volume, see equation 1).
Table II summarizes these data from the two
measurement times.

Tests for the difference between means
(paired t tests) were conducted to test for statis-
tical significance between the pre-surgery and
post diagnosis value. For the volume ratio,
ECW/ICW index of the affected limb and the R,
ratio, all tests showed a significant increase
(p<0.00001). However there was no significant
change in the ECW/ICW index for the contralat-
eral normal limb (p=0.8). The individual data
(of each ratio described in Table II) for each pa-
tient at each measurement time are represented
in Figure 1.

Discussion

The ECW/ICW index values determined before
surgery were almost identical for the at risk and
the contralateral normal limbs. This is in agree-

Age, median (range)
Dominant limb (L/R)*
Left arm lymphedema (dominant, L/R)

Right arm lymphedema (dominant, L/R)

52 (25-76) yr
1/19
12 (1/11)

8 (0/8)

“As defined by the subject.



Table I1.
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Means and (SD) of the data collected pre-surgery and post-diagnosis.

Time 1 Time 2
Measurement Pre-surgery Lymphedema Diagnosed
[ ECW/ICW | index fimb 2.49% (0.38) 2.48* (0.68)
[ ECW/ICW ] 9% s 2,517 (0.37) 4.39' (1.55)
[ range 2.98-8.10 ]
Rn ||-.||m;|\/Rn at risk 1401i (0-05) 126' (0 17)
Vv ar-risk I\mh/V normal hmb 100' (003} 1.14' (0.08)

“n=0.8; paired t tests ¢f. times 1 and 2.

‘p<0.00001; paired t tests ¢f. times 1 and 2.

Time 1: pre surgery .

Time 2: post diagnosis
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Figure 1. Distribution of values (both pre-surgery and post-diagnosis) of the

ECW/ICW index for both limbs compared with that of the standard limb volume
ratios and the previously reported bioimpedance ratio.

ment with both the volume and impedance R, ra-
tios (both equal to 1.0). After clinical diagnosis
of lymphedema in the at risk limb both the vol-
ume ratio as determined by circumferential mea-
surements and the bioimpedance ratio of R, val-
ues were elevated and in excess of the diagnostic
threshold used in previous studies.!" Hence both
of these detection techniques supported the clin-
ical diagnosis of lymphedema. The ECW/ICW

index recorded at this time was also considerably
elevated, a mean of 4.39 compared with a mean
value of 2.51 pre-surgery. This would strongly
suggest that the ECW/ICW index could also be
used as a detection technique for the early onset
of the condition.

Two of the patients recorded a slightly ele-
vated ECW/ICW index in the contralateral nor-
mal limb at time 2 (post-diagnosis). A closer ex-
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amination of the data revealed an expected de-
crease in the R, value from the at risk limb (time
2 ¢f time 1); but also a similar, but somewhat
smaller, decrease in the R, value from the normal
limb. The measured R; values from both limbs at
time 2 were not significantly different from those
measured at time 1. Both of these patients had
been clinically diagnosed with lymphedema ap-
proximately 3 weeks prior to the time 2 measure-
ment and had begun an exercise and massage
regimen. One possible explanation for the elevat-
ed ECW/ICW index in the normal limbs of these
patients is that the short term effect of exercise
and massage, immediately prior to the measure-
ments, is to shift some of the lymphatic fluid from
the affected limb across to the unaffected limb.
This is an interesting hypothesis and warrants fur-
ther investigation.

The increase in the mean value of the
ECW/ICW index with the onset of lymphedema
appears to be considerably larger than the con-
current increase in the volume ratio as deter-
mined by circumferential measurements and also
the bioimpedance ratio of R, values. This is also
evident in Figure 1, as is the much larger range of
individual ECW/ICW values compared with the
volume and R, ratios at time 2. At first this may
appear to suggest that the ECW/ICW index tech-
nique has a much greater sensitivity. However
these effects may be simply a result of a scaling
factor. As equation 1 describes, the ECW/ICW
index also incorporates a constant, the ratio of
the resistivities of the body fluids. Further study is
currently planned to monitor the measured val-
ues of the ECW/ICW index (together with other
established techniques) during the treatment of
subjects with lymphedema. The results of this fur-
ther research should help clarify this question of a
possible increased sensitivity.

An important feature of this new ECW/ICW
index is that it does not require normalization of
the measurement from the limb being assessed
with a normal contralateral limb. The reference
value used in this index is that of the intracellular
fluid within the same measurement region. Hence
the technique can be readily applied to bilateral
lymphedema. Indeed the technique should have
application to the assessment of edema in gener-
al in any body segment, such as that occurring in
primary edema or post-surgical edema."

There are a number of techniques which are
used for the detection and monitoring of lym-
phedema. However there are relatively few, low-
cost techniques that can be readily performed on
subjects. These include total limb volume (by im-

mersion or by circumferential measures) and bio-
electrical impedance analysis. However both of
these techniques require standardizing the mea-
surement using a contralateral measurement
from the unaffected limb. Hence these techniques
are essentially restricted to unilateral lymphede-
ma. The results of this pilot study suggest that by
using multiple frequency bioelectrical impedance
analysis an index of the ECW/ICW ratio can be
obtained and this index appears to have an equal,
or better, sensitivity as the other techniques in de-
tecting lymphedema. More importantly, this
index does not require normalization to another
body segment and can be used to detect all types
of peripheral edema, including both unilateral
and bilateral lymphedema.
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