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Abstract

Background Bioimpedance spectroscopy (BIS) is an established tool for the measurement of extracellular fluid
in lymphedema. This study assesses the validity of BIS measurements using the L-Dex® for evaluating the
effectiveness of interventions to treat lymphedema. Measurements are correlated with limb volume, assessment
of pitting edema, physiologic measures of lymphatic function, and response to surgical intervention. Three
L-Dex BIS metrics are compared.

Methods and Results: This retrospective study of prospectively collected data identified consecutive patients with
lymphedema. L-Dex BIS measurements, limb volume measurements using perometry, transport index (TI) evalu-
ation using radioisotope lymphoscintigraphy, staging using indocyanine green (ICG) fluorescent lymphography, and
clinical evaluation of degree of pitting edema were compared to examine correlations. L-Dex BIS metrics included
the L-Dex ratio, absolute difference between the affected and unaffected extremities, and their unadjusted ratio. The
study included 26 patients with 70 sets of evaluations. There were significant correlations between the L-Dex ratio
and limb volume ratio (LVR) using perometry, the degree of pitting edema, TI evaluation using lymphoscintigraphy,
and staging using ICG lymphography. Of the L-Dex BIS metrics, the L-Dex ratio correlated most closely with all
measures (p=0.71-0.94, p <0.0001). Following complete decongestive therapy, the mean decrease in the L-Dex
ratio was 48.3% whereas the corresponding mean reduction in limb volume was 13.8% (p=0.19; p=0.65); sub-
sequent physiological surgery including lymphovenous bypass and vascularized lymph node transfer resulted in an
average reduction in L-Dex ratio of 36.1% and mean limb volume reduction of 25.2% (p=0.38; p=0.27).
Conclusions: L-Dex BIS measurements demonstrate face, construct, and criterion validity, and correlate with
clinical assessment, LVR, physiologic measures of lymphatic function, and response to conservative and
surgical intervention. The L-Dex ratio correlates most closely with all measures and is the recommended metric
when using BIS.

Keywords: lymphedema, bioimpedence spectroscopy, indocyanine green fluorescent lymphography,
lymphoscintigraphy, perometer

Background upper extremity is most frequently affected following breast
cancer therapy, lymphedema may affect either the upper or

L YMPHEDEMA IS A CHRONIC and debilitating condition. In  lower extremities, or head and neck, secondary to surgery and
the Western world, it most commonly occurs secondary — adjuvant therapy for sarcoma melanoma, gynecologic, or

to cancer treatment.'? Risk factors include regional lym-  genitourinary carcinomas.*> Following these interventions,
phadenectomy and regional nodal irradiation.” While the lymphatic fluid is mechanically obstructed, leading to stasis
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within the extremity. The inflammatory response results in
progressive sclerosis and fibrosis of the lymphatic vessels and
soft tissues and subsequent localized adipose tissue differ-
entiation, leading to an irreversible chronic lymphedema
phenotype.®™® Early lymphedema is therefore characterized
by accumulation of extracellular fluid, whereas established
lymphedema is a condition of both extracellular fluid and
excess subcutaneous fibroadipose tissue.

Diagnosis and longitudinal surveillance of lymphedema
remain a challenge. Measurement modalities can be catego-
rized into objective measurements of volume or extracellular
fluid, and subjective physiological lymphatic vessel function.
Limb volume measurements are the most commonly used
modality for diagnosis and evaluation of lymphedema; these
can be obtained from truncated cone calculations from cir-
cumferential measurements, water displacement, and volu-
metry using a perometer. The perometer, which uses mobile
infrared optoelectronic volumetry, is valid and reliable in
lymphedema.’~'? It is proposed that volume change between
5% and 10% is clinically diagnostic, with limb volume
change (LVC) of 5% or more classified as mild lymphedema,
and 10% or more as moderate to severe.”'”

Bioimpedance spectroscopy (BIS) measures extracellular
fluid in an extremity, with sensitivity for diagnosing lym-
phedema at an early stalge.l 23 The most common BIS de-
vice is the L-Dex machine, which employs multi-frequency
bioimpedance analysis, allowing the impedance to be cal-
culated when the current is extrapolated back to OHz. At
these low frequencies the cell membrane is an insulator,
preventing the current from passing through the intracellular
water, and the resistance at zero frequency (RO) is therefore a
direct representation of extracellular water.''™'> The adjusted
resistance in the affected limb is expressed relative to that of
the unaffected limb using the L-Dex ratio. BIS is predomi-
nantly validated for evaluation of preclinical and early lym-
phedema; its value in established lymphedema and following
conservative and surgical treatment interventions remains
less clear."'=2*

The gold-standard investigation for lymphatic physiolog-
ical function is radioisotope lymphoscintography, allowing
for evaluation of both the deep and superficial lymphatic
systems and the draining lymph nodes.?>-33 The transport
index (TT) is valid for measuring lymphatic function,*>*® and
staging scales using the dermal backflow pattern and sever-
ity have been described®®>° and validated.** Indocyanine
green (ICG) fluorescent lymphography, although predomi-
nantly used to localize lymphatic vessels for lymphovenous
bypass (LVB) surgery, allows for detailed evaluation of the
superficial lymphatic system. Staging systems based on
dermal backflow severity and distribution correlate closely
with the pathological condition of the lymphatic vessels.**?

The purpose of this study was to analyze the face, con-
struct, and criterion validity of BIS measurements using L-
Dex in patients undergoing nonoperative and operative
therapy for both early established, and chronic, upper and
lower extremity lymphedema.

Materials and Methods

A retrospective study of consecutive patients with lym-
phedema referred to a specialist lymphedema surgical service
in a 6-month period from April to September 2017 was
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conducted. Patients with complete evaluations sets were in-
cluded, consisting of L-Dex measurements, limb volume
using perometry, evaluation of TI using radioisotope lym-
phoscintigraphy, staging using ICG fluorescent lymphogra-
phy, and clinical evaluation of degree of pitting edema. The
study was approved by the Institutional Review Board
(Protocol number PA17-0977).

L-Dex BIS

BIS was performed using the L-Dex U400 (Impedimed,
Carlsbad, CA) with standardized placement of electrodes on
the surface of the skin allowing the entire extremity to be
measured.'* Measurements were taken with patients in the
supine position with arms by their side.'*'®** Two trained
medical assistants performed all measurements. The ratio of
impedance at RO in the affected versus the unaffected limb,
adjusted for sex, upper/lower limb and right/left dominance,
is expressed as the L-Dex ratio.*! Further, the absolute dif-
ference in impedances between the unaffected and affected
limbs, and their unadjusted ratio, are calculated. An L-Dex
ratio of —10 to +10 is considered normal, and above 10 di-
agnostic for lymphedema.'>'® An L-Dex ratio of zero rep-
resents the mean impedance ratio, and 10 is equal to a linear
change of approximately three standard deviations.

Limb volume measurement using perometry

Two trained medical assistants performed all perometer
volumetry measurements. A calibrated, vertically orientated
perometer 400NT (Mitaka USA, Inc., Denver, CO) was used.
Measurements were made from the wrist, identified using a
bead to the most proximal point of the upper arm; this same
length was used for all subsequent measurements. Three
measurements were taken for each limb and the mean was
calculated. The difference between the affected and unaf-
fected limbs is expressed using the limb volume ratio (LVR).
LVC is expressed over time using the LVC:

_ (Afollowup 7Abaseline) - (Ufollowup 7Ubaseline)

LvVC x 100%

Abaseline

where A =the volume of the affected extremity, and U =the
volume of the unaffected extremity.

Clinical evaluation of degree of pitting edema

The degree of pitting edema was evaluated by an experi-
enced lymphedema specialist plastic surgeon at multiple
points on either the forearm or lower leg by compression with
the thumb for 1 minute.**** The affected and unaffected
sides were compared. The degree of pitting edema was ex-
pressed using the pitting edema scale, with the highest
measurement recorded (0, no pitting edema; 1+, 2 mm de-
pression that disappeared rapidly; 2+, 4 mm depression that
disappeared in 10-15 seconds; 3+, 6 mm depression lasting
longer than a minute; 44, severe depression lasting more than
2 minutes).

Tl using technetium lymphoscintigraphy

The TI quantifies the visual findings with radioisotope
lymphoscintigraphy to provide a measure of dynamic
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lymphatic function with high interobserver reliability.?>-¢

Several parameters are evaluated in serial scans, including
lymphatic transport kinetics, radiocontrast distribution pat-
tern, time to appearance of lymph nodes, and assessment of
lymph nodes and lymph vessels. The total score of the TI
ranges from O to 45.

Patients underwent intradermal injection of 2 mCi of
technetium-99m sulfur colloid into the digit webspaces. Se-
rial hemibody scans of the tracer were acquired. The TI was
evaluated by both an experienced radiologist (F.C.W.) and a
lymphedema specialist plastic surgeon (M.V.S.). Further, the
superficial and deep lymphatic function and distribution of
dermal backflow were assessed and staged using the lym-
phoscintigraphy staging scale (LSS) (Fig. 1). All patients
were confirmed to have normal lymphatic function in the
unaffected extremity on lymphoscintigraphy.

ICG fluorescent lymphography

Lymphatic function of the affected extremity was evalu-
ated using ICG fluorescent lymphography intraoperatively.
Approximately 0.01-0.02 mL of ICG (0.25-0.5 mg) was in-
jected intradermally into each webspace. Lymphography was
performed using a Hamamatsu PDE Neo II imager (Mitaka
USA, Inc.). Lymphatic function, and the severity and distri-
bution of the dermal backflow, were evaluated and staged
using the ICG Fluorescent Lymphography Staging Scale
(FLSS).”

Response to conservative or physiological surgical
intervention

Changes in the L-Dex ratio and LVC were compared at
baseline consultation, and again preoperatively for patients
requiring intensive complete decongestive therapy (CDT) for
presurgical optimization to reduce the pitting edema/extra-
cellular fluid. Changes in the L-Dex ratio and LVC were
compared preoperatively and at 6 months postoperatively for

patients that underwent physiological surgeries including
LVB and vascularized lymph node transfer.

Statistical analysis

Face validity pertains to the L-Dex BIS appearing to
measure clinical lymphedema through correlation with limb
volume and pitting edema. Criterion validity pertains to its
correlation with established measures of physiological
function and staging systems, radioisotope lymphoscinto-
graphy, and ICG fluorescent lymphography. Spearman’s
correlation coefficients (p), were calculated to measure the
correlations between evaluation methods; a correlation co-
efficient of 0.3-0.49 is considered a low correlation, 0.5-0.69
a moderate correlation, and 0.7 or more a strong correla-
ti0n44; p-values were calculated. Change in L-Dex ratio was
calculated as for LVC. Analyses were performed in SAS 9.3
(SAS Institute, Inc., Cary, NC) and R 3.0.2 (The R Founda-
tion for Statistical Computing).

Validity

Face validity was evaluated by comparing L-Dex BIS to
clinical limb volume measurements using perometry and
clinical assessment of the degree of pitting edema. Construct
validity was evaluated by determining the response of L-Dex
BIS to conservative and surgical interventions. Criterion
validity was evaluated by comparing L-Dex BIS to measures
of physiological function of the lymphatic system using
radioisotope lymphoscintography and ICG fluorescent
lymphography.

Results

The study included 26 patients, with 70 sets of evaluations.
All patients were diagnosed with unilateral lymphedema
secondary to surgery for cancer. All 21 patients with upper
extremity involvement had lymphedema secondary breast
cancer treatment; 13 patients underwent mastectomy, and 8

*

’

Stage: 0 1

FIG. 1. Technetium-99m sulfur colloid Lymphoscintigraphy Staging Scale. Stage 0: Normal lymphatic vessels clearly
visualized, no dermal backflow, no delay, sentinel lymph nodes clearly visualized. Stage 1: Lymphatic vessels clearly
visualized, small areas of patchy dermal backflow affecting the distal extremity. Stage 2: Faint visualization of lymphatic
vessels, segmental dermal backflow affecting the distal and proximal extremity. Stage 3: Lymphatic vessels hardly rec-
ognizable, diffuse dermal backflow affecting the distal and proximal extremity. Stage 4: No lymphatic vessels visualized,
severe diffuse dermal backflow in the entire extremity, no lymph nodes visualized; alternatively no flow is seen throughout

the entire limb and no lymph nodes are visualized.
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segmental mastectomy. All of these patients underwent ax-
illary lymphadenectomy, radiation, and chemotherapy; 19
patients received regional nodal irradiation. Among the five
patients with lower extremity lymphedema, etiologies in-
cluded radical hysterectomy, radical prostatectomy, and ab-
dominoperineal resection, all with pelvic lymph node
dissection. Mean age was 50.8 years (£11.8) and mean du-
ration of lymphedema was 57.9 months (£81.7). Mean body
mass index was 30.1 kg/m2 (4.6).

For upper extremities, the mean baseline volume of the
affected extremity was 2397.2 mL (£580.8), the mean vol-
ume of the unaffected extremity was 2096.8 cc (£389.1), and
the mean LVD was 300.3 mL (£287.8) (mean 13.7% £ 10.9)
and mean LVR 1.1 (£0.1). For lower extremities, the mean
baseline volume of the affected extremity was 9687.8 mL
(£1663.0), the mean volume of the unaffected extremity was
7689.7mL (£539.7), and the mean LVD was 1998.1 mL
(£1126.5) (mean 25.3% £ 12.4) and mean LVR 1.3 (£0.1). At
baseline the mean impedance at RO using BIS of the affected
extremity was 286.0 (£64.3), and of the unaffected extremity
was 332.5 (£50.4); the unadjusted mean ratio was 1.2 (£0.2).
The corresponding mean L-Dex ratio was 17.2 (£15.0).

LVR correlated significantly with the TI, but not with ICG
staging or degree of pitting edema (Table 1). Duration of
lymphedema was significantly associated with LVR (p=0.48;
p=0.001), L-Dex ratio (p=0.57; p<0.001), ICG staging
(p=0.63; p<0.001), and TI (p=0.48; p=0.001), but not with
degree of pitting edema (p=0.17; p>0.05). Although all L-
Dex BIS metrics correlated significantly with each of these
measures, the L-Dex ratio correlated most closely for all
measures, (p=0.71-0.94, p<0.0001) (Table 1).

Regarding face validity, there were significant clinical
correlations between the L-Dex ratio and LVR (Fig. 2), and
degree of pitting edema (Fig. 3). For criterion validity, there
were significant correlations with physiologic TI (Fig. 4) and
ICG staging (Fig. 5). Eight patients underwent CDT to reduce
pitting edema before surgical intervention. In these patients
the mean reduction in limb volume was 13.8%, whereas the
mean decrease in the L-Dex ratio was 48.3% (p=0.061), with
no significant correlation between these (p=0.19; p=0.65).
Ten patients underwent physiological surgical intervention
for their lymphedema and maintained compliance at 6
months postoperatively; mean limb volume reduction was
25.2% and the corresponding L-Dex ratio decreased on av-
erage by 36.1% (p=0.067), however, these were not sig-
nificantly related (p=0.38; p=0.27).

Staging using the LSS significantly correlated with the TI
(p=0.69; p<0.001) and ICG staging (p=0.66; p<0.001).
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FIG. 2. Correlation between lymphedema index using L-
Dex bioimpedance spectroscopy and limb volume ratio
using perometry. Linear trendline is shown.

All patients with no lymphatic transit and with no lymph
nodes visualized on radionuclide lymphoscintigraphy had
ICG FLSS stage IV lymphedema, with continuous dermal
backflow from the hand proximally.

Discussion

Diagnosis, staging, and longitudinal surveillance of lym-
phedema remains challenging due to the often poor correla-
tion between clinical examination findings and physiological
lymphatic function, and issues of reliability and validity of
the measurement tools currently available. This study com-
pared BIS measurements using the L-Dex with limb volume,
measures of lymphatic function, and response to intervention
in patients with early and chronic lymphedema of the upper
or lower extremities, and has found the following: First,
the L-Dex ratio demonstrated face, construct, and criterion

TABLE 1. SPEARMAN’S CORRELATION COEFFICIENTS (p) BETWEEN MEASURED VARIABLES

L-Dex ratio

Ratio of
Limb volume  unaffected/affected Absolute difference
ratio using ~ impedances at RO in impedances
perometry using L-Dex at RO using L-Dex

Limb volume ratio (LVR) using perometry 0.71 (p=0)

Staging using ICG Fluorescent lymphography 0.46 (p=0.002) 0.26 ( p>0 05)

Transport index using lymphoscintigraphy

Clinical evaluation of degree of pitting edema 0.41 (p=0.005) 0.19 (p>0.05)

L-Dex ratio -

0.63 (p=0) 0.61 (p=0.00001)
0.37 (p=0.01)  0.36 (p=0.016)
0.48 (p=0.001) 0.43 (p=0.004) 0.34 (p=0.02) 0.35 (p=0.02)
0.38 (p=0.01)  0.39 (p=0.0084)
0.71 (p=0) 0.94 (p=0) 0.91 (p=0)

ICG, indocyanine green.
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FIG. 3. Box plot demonstrating the correlations between the
L-Dex ratio and grade of pitting edema on clinical evaluation.

validity; it correlated significantly with all measures, in-
cluding a strong correlation with LVR using perometry
(p=0.71; p<0.001). Second, the L-Dex ratio correlated more
closely with all measures than both the unadjusted ratio and
the absolute differences in the impedance at RO between the

L-Dex Ratio
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FIG. 4. Box plot demonstrating the correlations between
the L-Dex ratio and lymphedema transport index using
technetium-99m sulfur colloid lymphoscintigraphy.
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FIG. 5. Box plot demonstrating the correlations between
the L-Dex ratio and lymphedema stage using indocyanine
green fluorescent lymphography.

affected and unaffected extremities. Third, LVR using
perometry correlated with the TI using lymphoscintigraphy,
but not with staging using ICG fluorescent lymphography.
Fourth, following nonsurgical or surgical intervention, there
were no significant correlations between the reduction in the
L-Dex ratio and limb volume. Finally, the LSS correlated
closely with both the TI using lymphoscintigraphy (p =0.69;
p=0) and staging using ICG lymphography (p =0.66; p=0).

The L-Dex allows measurement of the extracellular water
within an extremity, and in patients with unilateral lymphe-
dema, the difference in extracellular water between the af-
fected and unaffected extremities can be used to measure the
severity of the lymphedema.''™'® This can be represented as
the absolute difference between the impedances, the unad-
justed ratios between these, or an adjusted ratio: the L-Dex
ratio. There is disagreement as to which of these measures is
most useful for diagnosis and longitudinal evaluation of
lymphedema. In this study, the L-Dex ratio significantly
correlated with all measures, most closely with LVR using
perometry,'' ™" and the correlations were higher than for the
other measures. The results of this study suggest that the L-
Dex ratio is the most accurate metric of the three for evalu-
ating lymphedema, with the adjustments for sex, upper/lower
limb and right/left dominance inherent in the calculation
improving all correlations when compared with the unad-
justed ratio.

Limb volume measurement is the most commonly used
modality for diagnosing and monitoring lymphedema, for
which the perometer is widely used. Interestingly, this study
found that LVR using perometry correlated significantly with
only two of the measures, and following conservative and
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surgical interventions the L-Dex ratio was more responsive
to change than LVC measured using perometry. Taken
together, these results demonstrate that the L-Dex ratio
correlates with limb volume and measures of lymphatic
function, and should be used together with limb volume
measurement for longitundinal monitoring of lymphedema,
in particular when evaluatinsg the responses to conservative
and surgical interventions.*

This study has the following limitations: First, all analysis
are retrospective, though data were obtained from a prospec-
tively maintained database. Second, the majority of patients,
and all included upper extremity cases, were secondary to
breast cancer treatment. Further, data were obtained from a
single surgeon; results may therefore not be generalizable to all
forms of lymphedema and all practice settings. Finally, con-
struct validity was limited to concurrent validity, where L-Dex
BIS was correlated to other existing measures; future study
will analyze its predictive validity and association with
patient-reported outcome measures.

Conclusions

The L-Dex ratio correlated with limb volume and clinical
assessment of pitting edema, and physiologic measures of
lymphatic function, and demonstrated face, construct, and
criterion validity in response to intervention. These findings
support the adjunctive use of the L-Dex ratio with limb
volume measurements for objective diagnosis, evaluation
of lymphedema severity, longitudinal serial evaluation of
lymphedema, and response to conservative and surgical
interventions.
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