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Abstract—Edema is a condition characterized by exces-
sive swelling of a tissue due to an abnormal accumula-
tion of interstitial fluid in the subcutaneous tissue. More
specifically, disruption of the lymphatic system causes
what is known as lymphedema. This condition is commonly
seen in breast cancer survivors postradiotherapy treatment,
chemotherapy, and surgeries; this population has shown
high risk of developing lymphedema in the limbs. Through-
out the years, several techniques have been developed and
implemented for the detection and measurement of lym-
phedema, including techniques to measure the diseased
limb volume, electrical techniques to measure the water
content in tissues, and optical techniques to measure ei-
ther tissue absorbance or limb volume. However, there is
still no method that allows for continuous monitoring of the
disease and provides a better understanding of its progres-
sion. This study describes the different approaches that
have been used and that could be used for lymphedema
measurement.

Index Terms—Bioelectrical impedance, blood flow, lym-
phedema, optical spectroscopy, water content.

[. INTRODUCTION

HE SKIN is the largest organ in the body that acts as the

first line of defense against environmental factors. Its im-
portance is vital as it prevents pathogens from entering the body,
regulates body temperature, and prevents the body from losing
water. The skin has different layers; the stratum corneum, which
is its outermost layer, has a thickness that ranges between 8 and
20 pm, being much thicker on the soles of the feet and the palms
of the hands [1], [2]. The stratum corneum forms part of the epi-
dermis, and it does not have a planar and rigid structure. The
dermis, which is underneath the epidermis, is mainly composed
of capillaries and lymph vessels. Skin thickness varies largely
from organ to organ. The epidermis is only 0.05 mm thick on
the eyelids, whereas 1.5 mm thick on palms and soles of the
feet. Similarly, the thickness of the dermis varies from 1.5 to
4 mm [3].
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Normally, in the body, the hydrostatic pressure of a capillary
is about 35 mmHg in the arteriole and 18 mmHg in the venule
[4]. Additionally, the normal osmotic pressure of a capillary
is 25 mmHg for both arterioles and venules [4]. Disruption of
these pressures will alter the normal osmotic balance, which
consequently causes edema.

Edema is a medical condition characterized by subdermal
accumulation of fluids. Although edema can occur anywhere
in the body, it is most commonly seen in the ankles, feet, and
legs. Common causes of edema include increased hydrostatic
pressure, decreased plasma proteins, increased capillary perme-
ability, and blockage of the lymphatic system.

The lymphatic system is composed of a network of lymph
vessels (some of which are found in the dermis), tissues, and
organs that transport lymph fluid throughout the whole body. It
is the system that prepares the body when it is time to fight an
infection or disease.

Lymphedema occurs due to a disruption of the lymphatic sys-
tem, causing an abnormal accumulation of fluid in the subcuta-
neous tissue (hypodermis) [5]. The more the fluid accumulates,
the more the tissue swells, resulting in decreased blood flow in
the blood vessels of the dermis. This condition is commonly seen
in breast cancer survivors who have had cancer surgery and/or
have been exposed to cancer treatments such as chemotherapy
and radiation.

Throughout the years, there have been several efforts to de-
velop an approach for measuring and detecting lymphedema.
Researchers have used different techniques to do this, from
simple measures of volumes like water displacement, to bioelec-
trical impedance and optical spectroscopy. However, a method
that provides enough insight of this disease and its progression
still remains a clinical need [6].

[I. LYMPHEDEMA

The lymphatic system is responsible for the drainage of ma-
terials including proteins and cells (macrophages, lymphocytes,
and even malignant cells) that are unable to return to the blood-
stream [7]. There are two types of lymphatics, noncontractile
initial lymphatics or capillaries, which are concerned with ab-
sorption and transportation of fluid and proteins from the inter-
stitial space to the second type of lymphatics, commonly known
as larger contractile vessels or collectors. These pump lymph
toward the lymph nodes in a unidirectional flow controlled with
secondary lymphatic valves [7], [8].

Some factors that improve the absorption and transportation
of lymph within vessels include skeletal muscle contractions,
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Lymphedema of the right leg

Fig. 1. Individual with acute lymphedema of the right leg (left) versus
a healthy individual (right) made from “Make Human” [10].

which cause tissue deformation, pulsation of neighboring arter-
ies, as well as local massage [5]. The lymphatic system is also
important for cellular immunity as it directs the antigen pre-
senting cells to the lymph nodes in response to an infection [9].
Therefore, proper function of the lymphatic system is critical
for a healthy individual.

When the lymphatic system is working properly, lymph is
transported throughout the body and then, it is delivered back
to the bloodstream. However, when the lymphatic system is
blocked or damaged, the fluid is not drained from the tissues
[11]. As a consequence, an abnormal accumulation of extracel-
lular fluid occurs, leading to excessive swelling of the tissue
(see Fig. 1). As the fluid accumulation increases and the tissue
swells, the pressure build up in the affected limb causes a de-
crease in blood flow. In order to detect lymphedema, the amount
of fluid accumulated must be higher than 100%; otherwise, it
cannot be clinically detectable [11].

It is important not to confuse lymphedema with other types of
edema. For instance, in dermal edema, the interfollicular dermis
is expanded, and in deep subcutaneous edema, the skin will
present pitting [12], [13]. The majority of edemas occur when
the capillary filtration rate exceeds lymph drainage rate [14],
[15]. This causes the drainage of lymph fluid to be overwhelmed,
resulting in failure of the lymphatic system [11]-[14]. However,
the underlying cause of lymphedema is the malfunction of the
drainage of lymph fluid when the transport of lymph is less than
normal [11].

When lymphedema starts to develop, it is possible to ob-
serve the swelling in the tissue which becomes soft and easy to
pit. Nevertheless, as the condition progresses and the swelling
increases, the subcutaneous tissue becomes harder and firmer
because of fibrosis and fat deposition, and the tissue becomes
harder to pit. The Stemmer’s sign (i.e., when the skin fold at the
base of a second toe is too thick to pinch) is usually positive in
patients that have had lymphedema of the legs for a certain time
[16]. Furthermore, when a patient has chronic lymphedema,
some of the most prominent skin changes that arise as the con-
dition progresses include papillomatosis, lymphangiectasia, and
hyperkeratosis [17]-[19].

In order to understand lymphedema better, it is important
to know where the excess lymph is produced and the location
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Fig.2.  Skin anatomy image. Fluid accumulation in lymphedema occurs
between the fat lobules and the fibrous septa adapted from [21].

where it accumulates as tissue fluid. Olszewski et al. [20] found
that lymph was present in the subepidermal lymphatics only,
whereas the bulk of stagnant tissue fluid was accumulated in the
subcutis or hypodermis between fat lobules and fibrous septa
(see Fig. 2), but also underneath and above the muscular fascia.

There are two types of lymphedema: primary or secondary.
Primary lymphedema occurs when a person is born with an
abnormal lymphatic system. This type of lymphedema can be
further classified as congenital, praecox, or tarda, depending on
the age of the onset. Congenital lymphedema is evident from
the birth, more common in females, and accounts for about
10% to 25% of all primary lymphedema cases [7], [22]-[24].
Lymphedema praecox, accounts for 65% to 80% of all primary
lymphedema cases; it becomes apparent between birth and be-
fore the age of 35 with symptoms most often developed during
puberty [7], [24]-[26]. Lastly, those who develop lymphedema
after 35 years old, only account for about 10% of all primary
lymphedema cases, and this type is known as lymphedema tarda
[71, [24], [27]. Additionally, primary lymphedema can also be
classified as familial when the condition is inherited and spo-
radic when it is not inherited. Familial causes are less common
than sporadic, affecting only 5%—10% of primary lymphedema
cases [28].

Secondary lymphedema is caused when the lymphatic sys-
tem is blocked or damaged due to certain factors, such as ra-
diation, burns, tumors, infections, and/or trauma [29], [30]. In
the United States, the most common cause of secondary lym-
phedema is breast cancer surgery combined with radiation ther-
apy [31]-[33]. Generally, breast cancer survivors tend to develop
unilateral lymphedema of an arm [34]-[36]. However, world-
wide, filariasis (Ilymph node infestation by a parasite) is the
most common cause of secondary lymphedema, and it is widely
known as the most common cause of permanent disability in the
world [37], [38]. Mosquitoes are responsible for transmitting
the larvae that travel to the lymphatics, eventually hatching into
worms that disrupt the lymphatic system causing lymphedema.
Additionally, the cause of lymphedema development in patients
with recurrent infections may be attributed to lymphatic damage
due to repeated episodes of cellulitis [39], [40]. Although it is
complicated to demonstrate that lymphedema can be caused by
infection, recurrent infection may lead to progressive damage
of the lymphatic system through lymphangitis and lymphangio-
thrombosis, which would eventually cause lymphedema [41].
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There are up to ten million Americans and hundreds of mil-
lions worldwide affected by lymphedema and lymphetic dis-
eases [42]. Currently, there is no technology that offers patients
a complete understanding of what actions may aggravate their
conditions or that aids in properly managing lymphedema. For
instance, would certain movements worsen the condition? How
much fluid is accumulated in the swollen tissue? Can the pro-
gression of the disease be monitored continuously and in real
time? In addition, patients with lymphedema are at high risk of
infection because of their compromised lymphatic system.

I1l. METHODS FOR LYMPHEDEMA DETECTION AND LIMB
VOLUME MEASUREMENT

A. Measures of Volume

Measures of volume are techniques that can be easily imple-
mented to detect lymphedema and estimate how much water is
being retained in the affected tissue.

1) Water Displacement Measurement: Water dis-
placement has been the long used “gold standard” for lym-
phedema detection throughout the years. It allows assessing
limb volume in a very simple way. However, this technique
is rarely used nowadays because of the obvious inconvenience
that it presents for the patients. The gold standard consists of
measuring the body part by submerging it in a large cylindrical
container full of water. Then, the displaced water is measured,
providing an estimate of the body part volume [43], [44]. This
approach cannot provide accurate information about the exact
part/location of a swollen area on the limb. In addition to be-
ing inconvenient for patients, this technique is laborious and
difficult to use in a clinical setting due to water spillage [45].

2) Tape Measurements: Another common type of a
measure of volume in lymphedema patients is tape measure-
ments. In this technique, measurements can be gathered at de-
fined intervals using a tape meter. The collected values can then
be used with geometric formulas, in order to calculate the total
volume [44], [45]. Although this is a widely used approach, the
measurement precision is user dependent [45], [46].

3) Disk Model Method: This common technique con-
sists of dividing the limb into ten disks. Each of these disks is
given a size of 5 cm. The next step is to calculate the volume
of each of the ten disks and add them. In the arm, the measure-
ments are usually collected at the hand, at the wrist, and below
and above the lateral epicondyle [47]. This technique may be
easy, inexpensive, and reliable. However, when it comes to limb
circumference measurements, it is not possible to obtain an ac-
curate estimate of the hand’s volume because of its asymmetrical
shape [46].

4) Frustrum Method (Sitzia’'s Method): This tech-
nique consists in implementing surface circumference measure-
ments at 4- or 8-cm intervals, along with a mathematical formula
(1) derived from a frustrum’s formula, which allows determining
the volume of the arm

L
V = y- (cle2 4 ¢2¢3 + c3cd + - - - ¢13c¢14) (1)
71'

Fig. 3. Standard placement of electrodes on hand and wrist and foot
an ankle for the four-electrode concept of bioelectrical impedance [10].

where L is the length of the interval (4 or 8 cm) and c is the
circumference of the arm [45], [48].

This method is inexpensive, feasible, and hardly inconve-
nient for the patient, nevertheless accuracy and precision of the
measurement is an issue, just like for the previously described
methodologies [45], [48].

B. Electrical Techniques

The study of electrical properties of a tissue dates back to
1786, when Luigi Galvani, an Italian scientist, studied elec-
tricity in frog legs [49]. In 1963, Thomasett was the first to
demonstrate that an estimate of total body water (TBW) could
be obtained when measuring body impedance [50]. He achieved
this impedance measurement by inserting two needles subcuta-
neously.

A four-electrode concept was introduced in 1970s, when Hof-
fer and Nyboer measured the electrical properties of tissues
correlating body impedance and the body water content, us-
ing dilution techniques as [51]. In general terms, the simplest
electrical technique is a noninvasive procedure that consists on
placing two electrodes on the right hand and two electrodes on
the right foot of a test subject (see Fig. 3) sending a small elec-
trical current throughout the body. Depending on the amount of
water in the body, current flow will be affected, and measure-
ments of resistance to the current flow are then possible [52].
This simple technique, known as bioelectrical impedance, pro-
vides a good estimate of how much water is in the body, which
also allows for calculation of the amount of body fat.



82

IEEE REVIEWS IN BIOMEDICAL ENGINEERING, VOL. 9, 2016

Tissues with high conductivity will contain large quantities of
electrolytes and fluids, which allow the current to flow without
much resistance, whereas tissues with low conductivity, such
as fat and bones, will generate high resistance to the flowing
current [52].

For many years, alternating current of 800 pA and a fre-
quency of 50 kHz were used for applications related to mea-
suring impedance in the body [53]. More recently, researchers
have been focusing on developing regression models that al-
low scientists to make better predictions of body composition,
including body water [53].

The techniques used for measuring TBW can be either direct
or indirect. The direct methods include measuring body water by
radioactive isotope dilutions and heavy water dilutions including
deuterium oxide [54]. A commonly used formula for calculating
the TBW when using the method of deuterium oxide is shown
as

D50 dose given — D50 in urine)
4 — h plasma D>O

TBW (L) = ( 2)
where the body water is calculated using the retained deuterium
oxide dose and the 4—h plasma deuterium oxide concentration
[55].

These types of dilution measurements are considered as the
gold standard when it comes to measuring body water. Direct
measurements are said to be very accurate because they are ac-
tual measures of body water. Nevertheless, the majority of direct
methods require either ingestion or intravenous administration
of these radioactive isotopes. Furthermore, the techniques are
time consuming, require careful blood sample analysis, and can-
not be repeated over short periods of time [54].

Indirect methods used for estimating TBW include measuring
the volume of plasma, the osmolality of urine, and/or analyzing
the color of urine. Although, these methods offer an easy and
quick assessment of the hydration status of an individual, they
are not considered to be very accurate. For instance, plasma
volume is only affected by hypohydration after more than 3%
of body weight has been loss as water [56]. Additionally, the
color and osmolality of urine can be altered by factors other than
hydration, such as diseases, medical treatments, and/or foods,
which makes these unreliable methods for assessing TBW of an
individual.

Despite endless efforts throughout the years, there is still no
method that offers 100% accuracy when it comes to measuring
body water. Nevertheless, indirect techniques, such as bioelec-
trical impedance, may present a higher degree of accuracy when
it comes to estimating water content in the body, as it has been
proven to have a margin of error of approximately 3% [57].
Since bioelectrical impedance allows for measuring water con-
tent in the body, it has been used in a few studies for the purpose
of estimating the amount of water in patients with lymphedema.
Below we will discuss some of these techniques.

1) Single-Frequency Bioelectrical Impedance
Analysis (SF-BIA): SE-BIA is a technique that falls under
the category of indirect measurements and that appears to
provide relatively high accuracy in the assessment of body
water content. SF-BIA is usually performed using a single
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Fig.4. Current path depending on the frequency applied (adapted from
(58], [59]).

frequency of 50 kHz, allowing the current to pass through both
the extracellular and intracellular fluids [52]. This technique
relies on equations and algorithms that are used to predict
and calculate the amounts of water, based on the measured
impedance.

Additionally, the single frequency current that is sent through-
out the body using electrodes should be a low-level alternating
current (~800 pA). The electrodes are sometimes used in the
configuration depicted in Fig. 4. One of the most widely known
formulas for estimating TBW is shown in (3), which was es-
tablished by Lukaski and Bolonchuk in 1988 [55] and is given
by

82
TBW = 0.372 (R) +3.05(G) + 0.142 (W) — 0.069 (Age)

(3)
where S is the stature, R is the measured skin resistance, G is
the gender (0 for females and 1 for males), and W is the weight.

Another slight variation of Lukaski and Bolonchuk’s formula
[55] obtained from a regression model is given by

2
TBW = 0.377 <iz) +0.14 (W) — 0.08 (Age)

+ 2.9 (G) + 4.65. “)

Even though the findings based on the regression model seem
encouraging, they are far from conclusive [55]. It is critical to
emphasize that this regression equations were developed for
healthy individuals, so further research and testing must be done,
in order to validate this approach in people who have altered fluid
status due to a disease or medical condition.

A study conducted by Kushner and Schoeller, which aimed to
measure TBW using bioelectrical impedance plethysmography
[60], hypothesized that the lean tissues are mostly composed of
water, whereas fat tissue behaves as an insulator, resisting the
flow of current. At low frequencies (f < 50 kHz), the current
is conducted by extracellular water (ECW) because the cell
walls and the tissue interfaces act as capacitors [53], as seen in
Fig. 4. On the other hand, at higher frequencies (f > 50 kHz),
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TABLE |
GROUP MULTIPLE-REGRESSION EQUATIONS FOR PREDICTING TBW IN 40 PARTICIPANTS ADAPTED FROM [60]

BIA-calculate group and sex-specific equations for all 40 subjects (part I)

Subjects n Equation R SEE(L)*  TE(L)
Males and females 40 (1) (D O)-TBW = 0.5561 (Ht*/R) + 0.0955 (Wt) + 1.726  0.986 1.748 1.662
Males 20 (2) (D2 0)-TBW = 0.396 (Ht*/R) + 0.143 (Wt) + 8.399 0.988 1.658 1.509
Females 20 (3) (D2 0)-TBW = 0.382 (Ht*/R) + 0.105 (Wt) + 8.315 0.975 0.884 0.815

*SEE = Standard error of estimate.
fTE = Total error = sqrt [sum(perdicted — measured)?/n].

the current is capable of penetrating extra- and intracellular
fluids [60], as shown in Fig. 4. Kushner and Shoeller as well as
Lukaski and Bolonchuk used a general formula, shown in (5),
to determine the amount of water in the body, where V is the
volume of the lean compartment, p is the specific resistivity of
the lean tissue, L is the length of the lean compartment, and R
is the resistance used to approximate the impedance of the lean
tissue, since the reactance can be considered to be a negligible
value [52], [60]. This formula assumes that the impedance of a
geometrical system is related to the length of the conductor and
its configuration [52], [60]

LZ
i

Kushner and Shoeller came up with the equations given in
Table I, which are based on the measured resistance to estimate
the TBW of each individual.

This study appears to prove that SF-BIA improves the accu-
racy of the prediction of TBW by comparing it to deuterium
dilution using regression equations [60]. The method was con-
cluded to be noninvasive, simple, and reliable, which makes it
easy to use in ambulatory settings [60]. However, the method
may not be very accurate and it may not be used in different
populations. Therefore, further studies should be conducted to
validate this technique.

Additionally, Sergi et al. [61] was able to predict ECW using
SF-BIA, but instead of gathering data only at 50 kHz, the study
collected data after applying a current of 1 kHz and then a
current of 50 kHz. This allowed them to estimate the amount of
ECW using (6) and (7) [50], where Ht is the height, Wt is the
weight, R is the resistance, X is the reactance, Hh is the health,
and G is the gender

V=p &)

Ht?
Vew: = —7.244+0.34 [ —— | +0.06 (Wt)

Ry
+ 2.63 (Hh) + 2.57(G) (6)
Ht? Wt
s0 = 5.2240.20 [ — )
Vewso 522+0 O(R1>+0005(XC50>
+ 0.08 (Wt) + 1.9 (Hh) (7)

Gender (G) = 1 for males and O for females

Health (Hh) = 1 for healthy, 2 for diseased.

More recent studies have been focused on epidermal elec-
tronics and small wearable sensors to measure hydration status
in people. For instance, Rogers and his team have been work-

Fig. 5. Miniature stretchable conformal sensor (concept adapted from
[62], [63]).

ing on the development of flexible epidermal electronics (see
Fig. 5), in which semiconductors are mounted on elastomeric
and ultrathin sheets, integrating with the skin through van
der Waals forces and with no pressure needed [62], [63].
Their results were compared to those obtained in commercially
available moisture meters [62], [63], suggesting that these ar-
rays of miniature sensors that conform to the skin can be de-
veloped and implemented for spatial mapping, as well as po-
tentially depth profiling of hydration [62], [63]. This technique
could be easily implemented to estimate the amount of wa-
ter accumulated in a limb using the same or similar princi-
ples. To this day though, limited testing has been conducted on
wearable sensors, so its reliability and accuracy has not been
validated.

Measurement of body water content has become critical over
the years, when it comes to assessing health and diseases in indi-
viduals. Although it is difficult to measure using direct methods,
indirect techniques have provided useful approaches to estimate
and predict these values. Furthermore, SF-BIA has not only
been used to assess TBW in diseased and healthy individuals,
but also have been related to pulsatile blood flow [53]. The fact
that bioelectrical impedance provides a way to measure ECW
is advantageous when it comes to assessing limb water volume
in patients that have been diagnosed with lymphedema, given
that this is the type of fluid that accumulates in the affected ex-
tremity. However, most of these algorithms have been developed
from and for healthy individuals, which is why a single algo-
rithm cannot be suitable for everybody, especially for those with
diseases. Implementation of these algorithms in inappropriate
populations may result in inaccurate measurements, despite its
ease of use and low cost.

2) Multifrequency Bioelectrical Impedance Analy-
sis (MF-BIA): MF-BIA is another common approach used
for measuring body composition. This technique consists
on collecting impedance measurements at several different
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frequencies [64], [65]. The use of different frequencies allows
researchers to quantify the amount of ECW at low frequencies,
such as 1 or 5 kHz, as well as TBW at higher frequencies, such
as 100, 200, or 500 kHz [66], [67]. Based on the measured
impedance, linear regression models are implemented in order
to estimate water content in the body. For instance, Deurenberg
et al. [68] used the MF-BIA approach, they used currents of 1,
5, 50, and 100 kHz and proposed (8) and (9) for estimating the
volume of ECW, where Z is the impedance

Ht?
Veow 1knz = 2.30 + 0.19528 ()

A
1 0.06987 (Wt) — 0.02 (Age)  (8)

Ht?
VECW 50kH2 2.53 4+ 0.18903 <)

Zy
+ 0.06753 (Wt) — 0.02 (Age). (9)
Additionally, Pichler et al. [69] explored the method of
bioimpedance spectroscopy (BIS) implementing an ImpediMed

device and he established (10) and (11) to estimate the ECW
volume in women and men

Ht?
VEcw male = 0.11 4+ 0.11 (Wt) +0.24 ( ) (10)
Recw
Ht?
VECW _female = 0.24 + 0.09 (Wt) + 0.28 Rocw ) (11)

Another study performed by Shanholtzer and Patterson con-
sisted in recruiting 100 undergraduate students between the ages
of 18 and 30 years of age. The BodyStat Multiscan 5000 multi-
frequency bioelectrical impedance monitor was used to measure
TBW, as well as the distribution of extracellular and intracellular
water [70]. Each participant was wearing four electrodes (two
on the right hand and two on the right foot). A mild electrical
current of 800 4A was sent using a range of frequencies of 5
to 500 kHz through the individual’s body and the 5-kHz signal
was used to assess ECW, while the 200-kHz signal was used to
determine TBW. In this study, four different multiple frequency
bioelectrical impedance monitors that are commercially avail-
able were compared and it was possible to determine that the
Multiscan 5000 had less than 10% error across a range of skin
resistance up to 6 k{2, which was found to be the least amount
of error among the four compared machines [70].

The results from this study demonstrated that multifrequency
bioelectrical impedance is very reliable when it comes to as-
sessing hydration in healthy individuals, as well as classifying
subjects as hyperhydrated or hypohydrated [70]. Hypohydration
may be related to medical conditions including diabetes, cardio-
vascular disease, and hypertension, which means that multifre-
quency bioelectrical impedance may provide a more reliable
technique to determine the hydration status of a person, and,
hence, improve patient diagnosis and health care. However, one
of the challenges is determining whether it can be possible to
detect small changes in hydration status over longer periods of
time, i.e., months or years [70], [71].

3) Bioimpedance Spectroscopy: The technique of
BIS is a variation of the method of MF-BIA, where a multifre-

quency approach is also used to measure bioimpedance; how-
ever, in this case, a range of frequencies from 5 up to 1000 kHz
are used. After gathering the multifrequency impedance mea-
surements, based on the Cole—Cole model, the data undergoe a
nonlinear curve fitting. Then ECW, ICW, and TBW can be calcu-
lated by applying the terms from the Cole model to the equations
that were derived from the commonly known Hanai mixture the-
ory [72]. In order to utilize BIS, for estimating the volume of
body fluid, the first thing that must be done is determining the
ECW resistance (Rgcw ), which is calculated extrapolating to
zero and infinite frequencies [73]. Then, the human body is as-
sumed to be composed by five cylinders, corresponding to the
four limbs and the trunk, which allows to obtain an approxi-
mation of the human body by adding the five cylinders through
a dimensionless factor (K3) [73]. This factor is obtained using
the length and perimeters of the trunk and body extremities. A
commonly known value for the K, factor is 4.3, as calculated by
Van Loan et al. [73], [74] from statistical adult measurements.
The general formula for the resistance of the body is given as

I(pr{2
Vi

where Vj, is the volume of the body, H is the height, and p is the
fluid resistivity [73].

Afterward, using Hanai’s “mixture” equations from his the-
ory of conductivity, the effect of nonconducting tissue can be
calculated with (13), where p, is the apparent resistivity, which
takes into account the effect of the nonconducting tissues, and ¢
is the volume fraction [51], [72], [73], which is given by (14):

R = (12)

(13)

(14)

The total volume of the body and the apparent resistance are
given by (15) and (16), respectively [51]. In addition, because at
low frequencies, only ECW is conducting the current, (17)—(20)
provide a way to estimate the ECW volume using the apparent
resistivity of ECW, the resistance of ECW, and the ECW factor

Krow
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V= — 15
b Dy (15)
K,pH?
R, = —= (16)
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Vi o\’
PaEWC = PEWC <V ’ > (17)
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1
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Rpcw = Ky ppew | —— (18)
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K 3
Koow = 102 bPECW (19)

(77)
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The resistivity of the ECW was found to be 42.3 €2 - cm for
women and 40.3 € - cm for men when Hanai [51], [72] per-
formed his calculations, which is very similar to the calculations
done by De Lorenzo et al. [51], [58], obtaining 39.0 Q2-cm for
women and 40.5 Q2-cm for men. These two studies gave results
that are very close to the resistivity of saline and to the resistiv-
ity of ECW composed of plasma and interstitial water, which is
about 40 2 - cm.

Furthermore, ImpediMed has two devices that have already
been cleared by the FDA. The first one, Imp SFB7 [69], uses
the principles of bioimpedance for body composition analysis.
The second device, L-Dex U400 BIS [74]-[76], was specifi-
cally designed to estimate the amount of ECW. This device has
been FDA cleared specifically for lymphedema use. The L-Dex
uses the principles of segmental BIS, which involves passing a
small alternating current of 200 A at a frequency range of to
1000 kHz through the affected limb. The impedance measure-
ments gathered with the L-Dex are inversely proportional to the
amount of fluid [75]. The L-Dex provides information about an
extracellular fluid ratio, known as L-Dex, which is known as
a lymphedema index. Despite having been FDA cleared, there
are limited studies using this device, so further research should
be conducted to validate its reliability and ensure, not only that
the data collected are accurate, but also that the device does
not present the same type of issues that have been encountered
using all methods related to bioimpedance.

4) Bioelectrical Impedance Analysis Vectors: Due
to inconsistent results obtained when using bioelectrical
impedance spectroscopy, other studies have aimed to use bio-
electrical impedance vectors to assess changes in water content.
For instance, Lukaski et al. performed a study to measure TBW
using resistance (R) and reactance (Xc), in order to compare
it to deuterium dilution data that were obtained from blood
samples taken after each women drank the dilution [77]. Stand-
ing height was standardized and plotted on a bivariate graph,
which yielded a vector with direction and length [77]. This team
of researchers concluded that the impedance vectors obtained
were significantly correlated with the deuterium dilution assess-
ment of TBW during and after pregnancy [77]. Additionally, the
changes in the parameters were also related.

The majority of research studies conducted on bioelectrical
impedance vectors have been limited to the measurements of
TBW and its validation has been limited. Additionally, further
studies should be conducted using this technique for estimating
ECW content.

5) Additional Applications of Bioelectrical
Impedance: Another application for bioelectrical impedance,
not as widely known, is the measurement of skin blood flow
(SBF) [78], [79]. A study conducted by the Naval Health
Research Center in 1994 aimed to determine the effect of
changes in SBF on bioelectrical resistance [80]. In order to
alter the SBF of the subjects’ right arm, where the electrodes
were placed, the left arm of each of the 23 male individuals was

repeatedly submerged in water for 1 min and removed from it
for 3 min, repeating this procedure three times for a total of 12
min [80]. This was done in room temperature at three different
temperatures of water 5, 15, and 35 °C.

In order to measure SBF, the researchers used laser-Doppler
flowmeter and placed a probe on the right hand’s second fin-
ger (dorsal side) of each participant. The laser-Doppler method
consists of a helium-neon laser beam of low power that pene-
trates the skin, so the light that strikes and moves blood cells
is reflected with a frequency shift, which allows determining an
estimate of the relative blood flow [80].

The results obtained in this study suggest that the changes
in resistance that were seen when the arm was immersed in
cold water are caused, not only to the change in position, but
also to the cold-induced vasoconstriction [80]. Although these
results agree with those obtained by a previous study done in
1993, where Liang and Norris found an inverse correlation be-
tween the SBF and skin resistance during vasodilation induced
by exercise [79], [80]. However, in order to obtain baseline mea-
surements of the resistance, electrodes were placed on the index
finger, but the values collected were 50% greater than those
collected in the arm during the standard procedure. This may
be explained by the smaller cross-sectional area of the finger
when compared to the wrist [80]. Even though the resistance
in the finger was not equivalent to the resistance in the arm,
the results obtained demonstrate the relative alterations in re-
sistance that comes along with vasoconstriction [80]. Finally,
even though this study does not seem to be very accurate and
precise due to the measurements of SBF and resistance being
collected in different parts of the body, this study somehow
proved that SBF and resistance are significantly and inversely
related [80].

6) Electrode Size and Impedance Variations: When
measuring skin impedance, surface electrodes are able to convert
the ionic current that is found in the body into electronic current
[81]-[83]. However, the reality is that the skin, tissue, electrodes,
and amplifiers recording the signal limit the ability to reproduce
the physiological signal with high fidelity [84]. Several studies
have shown that performing dc measurements of skin-electrode
impedance will not provide enough information. However, when
using ac measurements, it is possible to obtain a more accurate
estimate of skin-electrode impedance [81].

The junction between the electrode and the skin arises from
the need of directing electrical currents into or away from the
body. Electrodes are composed of several conductive elements,
so when compared to the body, there is a small potential found
at that physical interface between the skin and the electrode
[82], [85]. In addition to that potential, there is also the junction’s
characteristic impedance, which is larger at lower frequencies
than at higher frequencies.

It is widely known that the model of an electrode in the
skin is given by a resistance that is connected in parallel with a
series network composed of a resistance and capacitance, which
represents the electrode/skin impedance [82], [85]. Application
of low frequencies to this circuit model would result in a high-
impedance value, while high frequencies would result in lower
impedance.
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Additionally, the impedance level also depends on the size
of the electrode. For instance, the impedance of the surface
electrode/skin junction decreases when the electrode surface
area is bigger. Similarly, when the surface area of the electrodes
is small, then the impedance value would be much higher [82],
[85]. Therefore, it is important to keep these factors in mind
when designing electrodes for collecting measurements in the
skin.

C. Optical Techniques

Light absorption via tissue spectroscopy provides a good es-
timate of the chemical composition of the tissue. Chromophores
are the molecules capable of absorbing light and these can be
divided in two major types depending on the type of absorption,
electronic transitions, and vibrational transitions [86], [87].

Electronic transitions are relatively energetic and they are
usually associated with absorption of UV, visible, and NIR
wavelengths (see Fig. 6). Examples of these include chloro-
phyll, heme, carotenoids, and melanin, among others [88]. On
the other hand, vibrational transitions include water, which is
the most dominant chromophore in biology [88]. Infrared (IR)
spectroscopy studies the bonds that can resonantly vibrate or
twist in response to wavelength in the IR spectrum, and, hence,
absorb such photons [88]. In IR spectroscopy, the strongest con-
tributor to tissue absorption is water absorption.

A good understanding of the optical properties of the tissue is
critical in predicting light distribution in biological tissue. The
optical properties of tissue can be described based on the ab-
sorption coefficient (1, ), the tissue real refractive index (n'), the
scattering coefficient (u), and the scattering function (p(6, v),
where 6 is the scattering deflection angle and ) is the scattering
azimuthal angle) [89].

1) Perometry: Perometry is a technique where an IR op-
tical electronic scanner is used to compute the volume of a body
part, as shown in Fig. 7. Perometry has been verified to be accu-
rate when compared to the gold standard of water displacement
and a great tool lymphedema research [46]. Perometry works
on the Archimides principle [90], [91].

This technique can only be accurate if the affected body area
is positioned consistently for every measurement. In addition,
the system must also be calibrated for accuracy. This makes this
system inconvenient for the patient not user friendly, requiring
specialized personnel.

UVC UVB UVA Violet Red IRA IRB IRC

T

Fig. 8. Sample of how different types of light penetrate the skin
(adapted from [94], [95]).

2) Optical Depth of Penetration and Separation Dis-
tance Between the Light Source and Optical Detector:
The penetration depth of light in tissue can be identified by the
distance over which fluence rate drops to e~ of its initial value
and is given by

2

where pi. 1S the effective attenuation coefficient for diffuse light
[93].

The depth of optical penetration not only depends on the type
of light used, but it will also depend directly on the separa-
tion distance between the light source and the optical detector.
However, there are no studies related to whether the depth of
penetration needed to encounter the subcutaneous layer, which
is approximately 2.2 mm in the arm and 1.9 mm in the thigh [96],
can actually be reached. This is why Monte—Carlo simulations
of light transport can be performed, in order to understand light
traveling through tissue and determine the maximum depth of
optical penetration based on variations of the light source-optical
detector separation distance, which commonly range from 0.8
to 3.0 mm as found in the literature [97]. Additionally, this depth
will also depend on the wavelength use, since the IR and red
visible wavelengths are able to penetrate deeper in the skin than
wavelengths such as the violet visible or the ultraviolet as seen
in Fig. 8 [94].
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3) Medical Imaging: Medical imaging approaches, such
as CT, MRI, and ultrasound are often used for lymphedema
diagnosis [46]. CT imaging has shown to be highly sensitive
and specific for lymphedema diagnosis [98]. MRI can provide
a sensitive diagnosis of lymphedema with detailed soft-tissue
architecture, without radiation exposure [99]. These techniques
can provide accurate information about the presence excessive
interstitial fluids when the information is compared with pa-
tient history, physical examination, and other imaging tests.
However, these techniques are limited to the clinical lab set up
and not convenient for continuous monitoring of lymphedema
disease/treatment progression. Radio-labeled particles are in-
jected under the area of the skin to be imagined during lym-
phoscintigraphy [46]. Due to radio-labeled-enhance imaging,
this approach can provide accurate diagnosis of irregularities in
lymphatic flows, lymph uptakes, and treatment response [23].
A detailed risk to benefit analysis is necessary before using nu-
clear dye for lymphedema imaging. With advances in optical
imaging, a 3-D surface imaging approach can provide detailed
information of the noncontact volume measurement with higher
speed, accuracy, and ease of use [100].

D. Comparison of Techniques

1) Water Displacement and Perometry: In aresearch
study conducted by Tierney et al., perometry was compared
to the standard approach of water displacement and two other
indirect techniques to measure limb volume [91]. The method of
perometry consists on having a limb pass through a plastic rigid
frame with four sides, which allows the limb to be moved along
a rail in the limb’s long axis [91], [101]. The aforementioned
frame contains a couple of arrays of IR emitting diodes located
at right angles of one another and on the opposite side of these,
there are a couple of arrays of IR detecting diodes, as seen in
Fig. 7 [91]. The frame moves along the limb, which causes the
IR beams to be interrupted, allowing the sensors to determine
the dimensions of the limb electronically.

The other methods implemented in this study were water
displacement, the disc model method, and the Frustrum method,
which were all previously described. The disc model method
consists on placing the patient’s limb on a graduated device
that has been marked at 3-cm intervals as reference points [91].
The limb can be then divided into 3-cm discs between these
reference points in order to determine the circumference of each
disc. Then, the volume can be calculated using the following
formula:

> (L) @)

i=1

where C is the circumference of the disc and 4 is the height of
the disc [91]. On the other hand, the Frustrum method consists
on assuming that the limb has a shape that can be approximated
to that of a truncated cone or frustrum [91]. This means that the
volume of the limb can be calculated using the dimensions of
the circumference at the lower and upper reference points, and

TABLE Il
COMPARISON OF THE DIFFERENT LIMB VOLUME RESULTS OBTAINED FROM
THE METHODS IMPLEMENTED BY TIERNEY IN VOLUNTEERS WITH NORMAL
AND DISEASED LIMBS ADAPTED FROM [91]

Method Normal limbs ml (s.d.) Diseased limbs ml (s.d.)
Water displacement 1802 (268)

Perometer 1809 (262) 2415 (995)

Disc method 1923 (306)*1 2494 (969)
Frustrum method 1905 (372)*1 2413 (870)

*p < 0.05 versus water displacement.
p < 0.05 versus water displacement (ANOVA, Fisher’s least significant difference).

the distance between these with the following formula:

(=) () (C* + Ce+ )

where C is the upper reference point, ¢ is the lower reference
point, and # is the distance between the two reference points
[91].

Based on the results obtained from this study (see Table II),
and after comparing the data gathered using the different meth-
ods, Tierney et al. concluded that perometry is a technique that
provides much more accurate results than indirect traditional
methods for measuring limb volume, and, therefore, it is a very
useful tool for research and clinical applications.

2) Bioimpedance and Perometry: Moseley et al. [59]
conducted a study to compare multifrequency bioimpedance
analysis and perometry when measuring the effectiveness of a
treatment in secondary leg lymphedema. This study provided
a good correlation between perometry and MF-BIA; however,
bioimpedance was found to provide a measure of intra and ECW,
whereas perometry also measures changes in fibers, cells, and
other components [59]. This suggests that BIA is more useful
for measuring the actual fluid in the limb, whereas perometry
measures the entire volume of the affected extremity.

Some of the drawbacks that were found for these techniques
during this study include inconvenience. For instance, in the
case of bioimpedance, the patient must stand upright for 2 en-
tire min and must have intact limbs (no amputees) [59]. In this
study, bioimpedance was used to measure changes in the whole
body ECW, so even though it was cross correlated with perom-
etry, the fact that the amount of total ECW was reduced may not
necessarily be directly or indirectly related to the reduction of
fluid accumulation in lymphedema. Since this technique mea-
sured whole body ECW, it is hard to draw conclusions on what
is actually going on in the affected limb. Therefore, the method
of bioimpedance should be further explored for localized mea-
surement, in order to confirm its validity when estimating limb
volume in patients with lymphedema.

(23)

IV. DISCUSSION AND CONCLUSION

In this study, lymphedema and current methods for its detec-
tion were discussed. Lymphedema is a condition characterized
by excessive fluid accumulation in the subcutaneous tissue due
to disruption of the lymphatic system. Throughout the years,
different types of methodologies have been implemented to
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measure lymphedema and estimate limb volume; however, there
is still no method that allows continuous monitoring of the dis-
ease to better understand it.

Some of the most common methods for measuring lym-
phedema include measures of volumes, such as tape measure-
ments and the gold standard of water displacement, electrical
techniques, such as bioelectrical impedance analysis, and opti-
cal methods, such as optical spectroscopy and perometry. Some
of the optical and electrical techniques can be used to mea-
sure both water content and the behavior of blood flow in the
affected tissue. It is critical to know these two parameters be-
cause as the amount of fluid accumulated increases, the flow of
blood may decrease due to blood vessel constriction that occurs
as a result of increased pressure in the limb. Therefore, gath-
ering these measurements is important in better understanding
lymphedema as it progresses.

All measures of volume can be accurate up to a certain extent,
when performed properly. These are most accurate when done
in the legs and/or arms. Even though tape measurements were
developed for the head and neck initially, they are not considered
true volume measurements, and have not been standardized [46].

Bioelectrical impedance analysis has been used in differ-
ent studies to measure water content, as shown in studies by
Lukaski’s [50], [55], [77], which is useful when estimating limb
volume in patients with lymphedema. After carefully reviewing
a large amount of research studies, it was possible to understand
the advantages and disadvantages presented by the different
variations of bioelectrical impedance techniques. Nevertheless,
it seems that MF-BIA and BIS are the techniques that provide
more reliability and accuracy when it comes to measuring ECW
content, since both techniques allow researchers to gather mea-
surements at low frequencies. These measurements can then be
easily used with the mathematical formulas, as explained above,
to calculate the amount of ECW. As these techniques have lim-
ited validation testing and they have only been used for measur-
ing whole body ECW, further studies should be conducted, in
order to estimate the localized amount of ECW that is found in
the affected limb. In order to do this, a modified algorithm that
only accounts for the parameters of the corresponding limb must
be developed. Both MF-BIA and BIS should be further validated
by gathering data from different types of population (i.e., dif-
ferent ethnicities, different ages, etc), as well as from unhealthy
individuals. This would minimize the error when amounts of
fluid are estimated.

On the other hand, optical spectroscopy has also been used
to measure both of these parameters. For instance, Qassem and
Kyriacou [102] measured water content using NIRS. Addition-
ally, Stamatas et al. [103] conducted a study that aimed to mea-
sure induced edema in the skin using optical spectroscopy, where
the author looked at both the amount of water and hemoglobin
using the corresponding wavelengths of 970 nm for the former
and 560—580 nm for the latter. Although these studies have
shown that optical spectroscopy is useful for gathering surface
measurements from the skin, no studies have been conducted
using this method for measuring lymphedema. Therefore, since
it is unknown whether a light emitter could reach the depth of
fluid accumulation in the affected limb, it is important to con-

duct additional testing and validate the approach to determine
whether it would be effective for providing useful information
about lymphedema. Despite the lack of validation, it seems that
NIRS could be a promising technique that would be able to pro-
vide key information about the hemodynamics of lymphedema,
as the condition progresses.

Review of the present technologies leads us to the conclusion
that there is a critical need of developing robust and quantitative
approach for lymphedema monitoring. By combining electrical
impedance and optical measurement, we can exploit the benefits
of electrical and optical approaches. Ideally, a novel point-of-
care device which patients can use to monitor lipedema pro-
gression and treatment efficiency without constant interference
of the clinical personal can enhance the lymphedema disease
management. However, further research in electrical and opti-
cal methods for measuring lymphedema must be conducted, in
order to fully understand what may worsen the disease, as well
as to learn about the evolution of the condition. Ultimately, the
goal is to find a better way to treat and monitor the condition
using an easier, more convenient, and more affordable approach,
and maybe even find a way to prevent it and cure it, if possible.
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