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Abstract: Lymphoedema is a disease associated with abnormal functioning of the lymph that leads
to swelling of the body due to accumulation of tissue fluid on the affected area. Tissue fluid contains
ions and electrolytes that affect electrical conductivity. The flow of tissue fluid helps to distribute
vital nutrients and other important elements necessary for healthy living. When tissue fluid is
stagnated, a high concentration of electrolytes accumulate on the affected area, which in turn affects
an electrical signal passing through that area to be minimally attenuated in relation to a free-flowing
fluid. We demonstrate that a galvanic coupled signal propagating along a lymphoedema affected
limb could capture these changes by the amount of attenuation the propagating signal experiences
in time. Our results show that average rate of signal attenuation on a lymphoedema affected part
of the body could be as slow as 0.16 dB/min, while the rate of signal attenuation on a healthy part
is as high as 1.83 dB/min. This means that fluid accumulation could slow down the exchange of
body electrolytes up to twice less the rate on an unaffected contralateral part of the body. Monitoring
these changes by observing the average rate of change of a galvanic coupled signal attenuation on
the affected body part can be used for diagnosing early developments of oedema in the body and for
evaluating recovery in response to treatment procedures.

Keywords: lymphoedema; body fluid flow; galvanic coupling; body area network

1. Introduction

Lymphoedema is a chronic disorder of the lymphatic system whereby lymphatic vessels and/or
nodes malfunction and accumulate fluid and other elements in the surrounding tissue spaces [1]. The
disorder causes imbalance between the interstitial fluid production and its transport leading to an
unusual swelling of one or more limbs or the affected body part [2]. In lymphoedema disease, leaked
fluids containing high molecular protein from lymphatic vessel remain stagnant under the skin and,
if undiagnosed early and left untreated, can lead to progressive inflammation and damage to the
affected body part [3,4]. Lymphoedema is progressive in nature; early diagnosis is important because
it helps timely intervention mostly because there is not yet a standard solution for treatment [5,6], and
efforts are mainly focused on management, to minimize swelling, restore functionality of the affected
area of the body and prevent potential complications associated with the disease [7]. Owing to this,
early detection and appropriate management can alleviate the symptoms and slow its progression [8].

According to a 2015 World Health Organization report, about 1.34 billion people are currently
being threatened by lymphoedema disease [9]. A previous report by Moffat et al. suggested a growing
increase in chronic lymphoedema with greater population among women [10]. A current study in
Australia also suggests a growing prevalence of lymphoedema [2]. These reports draw attention to the
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diagnostic techniques, since at present, there is no complete cure, unless otherwise diagnosed at the
earliest stage of development, which may be alleviated by good management techniques [11]. Some of
the techniques for diagnosing lymphoedema include:

i Physical examination and investigation of the history of the affected area.
ii ~ Limb volume measurement.

iii ~Bioelectrical impedance spectroscopy method.

iv Blood test and genetic test analysis.

v Imaging techniques.

Lymphoedema can co-exist with other medical conditions that cause swelling [12]; consequently,
a blood test is also used to examine the existential cause of oedema. The test is to ascertain if there
are pathogenic microorganisms on the accumulated fluid, which makes it not an early diagnostic
method, but a pin-point validation of the existence of lymphoedema or the cause of other fluid
disorder. For example, when infection is suspected on a swollen body part, a further blood test is
performed to verify the presence of a parasite [12]. Genetic testing is used for patients who have been
diagnosed with primary lymphoedema [7]. The purpose of this test is to determine the presence of
genes associated with diseases that cause lymphoedema and to be able to provide proper genetic
counselling for the patient and to verify the probability of its re-occurrence along family lines. Some
imaging techniques used for diagnosing fluid accumulation include magnetic resonance imaging
(MIR), computed tomography (CT) and ultrasound [13]. These techniques are not available for
day-to-day individual assessment. Moreover, they require real clinical training to operate, whereas
cancer treatment patients and patients who have had axillary lymph dissection, which are at higher
risk of lymph dysfunction or blockage [12], need a system for out-of-hospital checks in order to
determine early development of fluid disorder. A common practice among clinicians for patients at
risk of lymphoedema is limb volume measurement [14]. Limb volume measurement at best would
help to ascertain the severity of lymphoedema and to assess progress in treatment management.
Treatment with multi-layer inelastic lymphoedema bandaging (MLLB), for instance, is also monitored
through limb volume measurement [14]. It is considered present if the swollen limb is more than
10% greater than the contralateral unaffected limb [8]. Therefore, limb volume measurement has
limited success, and deviation from baseline is not easily determined. It is also prone to human
error. A closely related practice for tracking sequential changes in the circumference of an affected
limb is the circumferential limb measurements (CLM), which is subjective because it has no standard
protocol [11]. Another frequently-used method in practice is bioelectrical impedance assessment [8].
Bioimpedance techniques are used either in a single or a multiple of frequencies. A single frequency
bioimpedance is usually designed to analyse body impedance at 50 kHz. However, a 50-kHz current
would be inhibited by cell membrane capacitance, which has high impedance at low frequencies. This
affects its use for estimating body fluid, because cell membrane capacitance contributes significantly
to the effective impedance of electrical signals across tissues [15]. Due to the capacitive behaviour of
cell membranes, the frequency range required for measuring both the extracellular fluid (ECF) and
intracellular fluid (ICF) resistances is usually at <5 MHz [16]. Cornish et al. [17] have suggested
the use multi-frequency bioimpedance to diagnose the onset of lymphoedema on post-breast cancer
treated patients; however, lymphoedema is chronic; therefore, research to improve or discover early
diagnostic methods is still critical. Bioimpedance spectroscopy (BIS) was proposed as an improvement
over the single and multi-frequency bioimpedance methods. BIS operates using a broad band of
frequencies. It assumes a five cylinder model of the human body and takes into account the effects
of non-conducting tissues embedded in both the ECF and ICF tissues that significantly contribute to
the overall impedance of the body. It can calculate the extracellular impedance separately from the
intracellular impedance, the impedance phase angle and also an estimate of the total body water [18].
A comparison of the measured value with a baseline can be used to predict the development of oedema.
However, this can be affected by the initial physiological state of an individual, such as metabolism
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and dehydration levels. Rothlingershofer et al. [19] stated that severe dehydration could cause up
to a 6% increase in muscle impedance. Thus, the impedance of the human body is dynamic and has
significant impact on the expected outcome. Our goal is to use a galvanic coupling method, which
relies on the attenuation of a propagating signal to detect changes in body fluid levels in a manner
that will assist quick diagnosis and monitoring of lymphoedema disease. In laboratories, advanced
technologies using imaging techniques are used to scan lymph vessels and nodes [13], but these require
high laboratory skills. Since the tissue fluid in a lymphoedema affected part of the body is mostly
stagnant, our aim is to develop a method that will detect very slow or stagnated movement of body
fluid on a particular part of the body, which can help detect the earliest development of oedema on
tissues using some of the protocols developed in our galvanic coupling intrabody circuit [20].

The rest of the paper is organised as follows: Section 2 is the theory of our new diagnostic method.
Section 3 is the experiments,. Section 4 is the result, Section 5 the discussion and the conclusion in
Section 6.

2. A New Diagnostic Method

In a previous work, Asogwa et al. [20] showed that galvanic coupling signal propagating through
the body changes as the body fluid level changes. Therefore, the attenuation can track changes in the
amount of body fluid in real time using the circuit in Figure 1. The observed changes in the attenuation
of an electrical signal passing through tissues can aid the diagnosis of body fluid disorder, such as
lymphoedema. Thus, we modelled the propagation of an electrical signal passing through human
tissues based on the input signal frequency, electrode-skin contact impedance [21], tissue dielectric
properties [22], the human body physiological parameters [23], real-time dynamic changes in body
fluid level [20] and the internal metabolic activities of an individual [24].

Human Body

Figure 1. The circuit diagram with the variable impedance component from dynamic changes in
human body fluid volume. Reproduced with permission from [20], IEEE, 2016.

From Figure 1, Zgg corresponds to the impedance of the contact interface to the body at the
transmitter and the receiver nodes, Zt the transverse impedance, while Z; is the cross impedance.
V; is the transmit voltage, while V} is the output voltage at the receiver end with load R;. Zg(t) is the
variable fluid impedance, and Z; is the longitudinal impedance of the transmission path consisting
of the skin, fat, muscle, bone, body fluid, cortical bone and bone marrow. If the overall impedance
of the body varies in proportion to changing body fluid level by hydration or dehydration, then
after fluid intake, as hydration occurs, the impedance of the body fluid Zp(t) decreases and causes a
corresponding decrease in the signal attenuation of the electrical signal passing through the tissues.
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It has been stated that dehydration causes up to a 6% increase in muscle impedance [19]. Our predicted
time-dependent impedance of the body fluid follows Equation (1) [20]:

Ze(t) = Zgg — Zu(1— e %) (1)

where ¢ is the time for the change in impedance to occur, Zy is the impedance at time t = 0 just before
hydration begins, ¢ I is time to reach the state of water balance (hydration discontinues), Z;, is the
impedance resulting from the water flowing in into the tissues and the ratio £ is a characteristic that
predicts the rate of flow. 7 is the time constant that characterises a particular individual.

From Equation (1), if the fluid level is relatively stagnant, the observed changes in
attenuation(negative gain) would also be relatively invariable.

Therefore, after time interval £(i):

Zp(t) = Zp(t2) = ... = Zp(tm) 2

is the impedance form for non-varying fluid level. Movement of body fluid due to hydration or
dehydration causes tissue impedance to decrease or increase accordingly. Thus, if the body fluid flow
is partial or insignificant over a period of time, the change in impedance Z(t) would be partial or
insignificant, and if the fluid flow stops, it would assume a static fluid model; and tissue impedance
Zr(t) would be theoretically constant.
Therefore, if we denote [X] as a set of the signal gain measured, from #;...t,, intervals. the average
at tq is:
n
jp'e
=" 3

n

and E[u,] = p average value of the mean across time #;...t,, at a particular frequency. The variation
across time from ty...t,:

o= \/g[(P—M)2+(P—V2)2+--~+(P—Vm)2] 4)

o= \/g;(f).”i)z 5)

We propose that the value of o gives us a time value of the signal variations in attenuation due to
fluid flow and theorise that a high value of ¢ means a high deviation of the attenuation about the
mean, which signifies normal fluid flow, while a low value of ¢ indicates low movement of tissue
fluid on the measured area of the body. We shall investigate this proposition on both healthy and
lymphoedema affected subjects. Since the response of each tissue component to electrical stimulation
depends on the tissue’s dielectric properties, the conductivity would vary in accordance to the changes
in ionic concentrations or movement at that frequency. This is because conductivity is proportional
to the movement of the body electrolytes. If body fluid is not circulating properly, for example, due
to lymphatic damage, ions accumulate under the skin. However, if the fluid is flowing, internal
metabolic processes and physiological process would cause the concentration of the ions in time to
vary randomly. The average change in time of the conductivity would vary partly due to intermittent
hydration occurring or dehydration and or processes leading to body water homoeostasis balance [25].
Water appears in plasma and blood cells 5 min after consumption [26]. Thus, we theorise that a
stagnant body fluid would have relatively lower deviation from the mean value of the attenuation
observed in time, assuming other variables are also constant. Ideally, this implies that the average rate
of change of signal attenuation can be used to diagnose, identify or monitor fluid accumulation or
discharge in human body tissue inflammations, such as lymphoedema.
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3. Experiments

3.1. Clinical Measurements: Pathological Lymphoedema Participants

Subjects were recruited in collaboration with the Lymphoedema Association of Victoria (LAV)
with flyers advertised in LAV’s news letter and placements at the TSLclinic, a lymphoedema clinic
specializing in compression garments. Participants were given time to read and sign the ethics form
prior to the commencement of the experiment and are also required to provide medical evidence of a
pathologically-diagnosed lymphoedema on the limb. Two groups, healthy and unhealthy participants,
participated. Five subjects labelled L1-L5, who were diagnosed with unilateral lymphoedema, on
the arm and one on the leg, participated in this study, and measurements were conducted at the TSL
clinic. The healthy participants labelled H1-H4 had no previous diagnosis of lymphoedema and from
observation had no swollen limb, but will be checked with CLM. We took CLM at fixed intervals on
three different days. On the affected subjects, we measured the contralateral positions of the arms by
marking both arms at 10-cm intervals from the wrist to the head of humerus. We classified two major
areas, the mid-point of the ulna as the lower arm and the upper arm as the mid-point of the humerus
of each participant. Subject with lymphoedema on the leg was measured along the longus muscle.
Participant’s weight and height, lymphoedema diagnosis and current medication were recorded.
Subjects wore light clothing and were bare-footed. Subject’s height was measured to the nearest 0.5
cm against the wall bare-footed and heels together with buttocks, shoulders and head touching the
vertical wall surface and clear horizontal marking sighted. All measurements and records were made
with the consent of the participant.

3.2. Clinical Measurements: Healthy Participants

A similar protocol was adopted for healthy volunteers, except the choice of the venue for
the experiment. Participants were to choose between the university laboratory and their home.
The condition for using the living room is to turn off all electronic appliances and any other potential
sources of noise. The average room temperature was maintained at 25 £ 0.1 °C throughout the
experiment, as explained in Section 4. Four subjects participated in this test. We recorded the weight
and the CLM, ensuring that the same position was measured on both arms similar to participants
with lymphoedema.

3.3. Galvanic Coupling Measurements

The galvanic coupling measurement procedure was the same for both healthy and unhealthy
participants. Measurements were taken first without fluid restriction on Day 2 and after drinking
following fluid restriction on Day 3. The measurement set-up as shown in Figure 2.

Figure 2. Measurement of galvanic coupled signal gain on the affected left arm of a lymphoedema subject.
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A mini Pro VNA, frequency range 100 kHz-200 MHz, manufactured by Mini Radio Solutions,
baluns (Coaxial RF transformers, FTB-1-1+, turns ratio of one, manufactured by Mini-Circuits and
bandwidth 0.2-500 MHz) and round pre-gelled self-adhesive Ag/AgCl snap single electrodes (1 cm
diameter, manufactured by Noraxon Inc., Scottsdale, AZ, USA) were used. The baluns were used
to electrically isolate the two ports of the VNA to ensure that the return current does not couple
capacitively through the common ground. We measured 2.7 dB as the insertion loss of the balun,
similar to manufactures specification of 2.0 dB between 800 kHz and 1.3 MHz. The VNA is set to sweep
the constant interval frequency of range 300 kHz-200 MHz at 49 points with 0 dBm output power.
Our frequency range lies between 800 kHz and 1.3 MHz, which matched those used in bioimpedance
spectroscopy for whole-body fluid analysis [27], and lies in the region associated with the biological
structure of living organisms. It has been stated that after ingestion, a propagating galvanic coupling
signal would have maximum signal gain occurring between 900 kHz and 1.1 MHz [28]. Furthermore,
this frequency falls within the range necessary to prevent radiation and human body antenna effects
while ensuring good signal penetration into tissue spaces [22]. This frequency range lies within
the safety limit set by the International Commission on Non-Ionizing Radiation Protection (ICNIRP,
1998) [29]. The Noraxon self-adhesive silver/silver-chloride electrodes (Ag/AgCl) are preferred
because they are designed for both research and clinical use, contain hypoallergenic gel and can be
used for two hours of measurement. They have better resistance to motion artefacts and refection
compared to polarizable electrodes [30]. The distance between the transmit and receive electrodes
is fixed to 20 cm. A sterilized hand glove was worn to ensure no direct skin contact with any of
the subjects throughout the experiment. Nine subjects comprising 5 lymphoedema patients and
4 healthy individuals participated in the experiment. Subjects were asked to sit on a plastic chair
with arms by the side to ensure the current was confined within the arm and avoiding external
physical contact. All of the participants were told not to move as much as humanly possible. The
measured arm resting on a wooden table (Figure 2) was insulated to ensure no current leakage and
to ensure movement artefacts were minimized. The signal gain was measured 5 times at 3-min
intervals, and the average was used. The experiment lasted for 30 min. Two separate experiments
were conducted with the galvanic intrabody method; first, without fluid restriction and, second, with
fluid restriction each on different days. Subject L5 was excluded on the third test, which required
fluid restriction due to high blood pressure medication [31]. Fluid abstinence increases blood plasma
concentration [32], which might affect blood pressure. On the third day, subjects were asked to abstain
from fluid after supper till 10.00 a.m. The limb circumferences were again measured, and 350 mL of
water were given to each subject to drink. five minutes were allowed for water to circulate into the
body before measurement began [26]. This time, because of the initial fluid restriction, measurements
were recorded for 20 min only to encourage the concentration and measurement of both arms were
done simultaneously. Interference and background noises were minimised by switching off electronic
devices and wireless systems around the vicinity. We also isolated communication cables away from
power packs, and the laptop operated at battery mode. Since individual metabolism is different at
different times of the day, we ensured that all measurements were done at 10.00 a.m. and that the
average room temperature was maintained at 25 & 0.1 °C. Repeated measurements were taken and the
average used to minimise measurement uncertainties. Measurements of healthy participants followed
a similar procedure. All of the experiments followed the ethics procedures mandated by the Victoria
University Human Ethics Research Committee.

4. Results

Table 1 lists the circumferential limb measurements on lymphoedema affected participants
measured within six weeks on three random days, while Table 2 is similar measurements on the
healthy participants.
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Table 1. Circumferential limb measurements (CLM) measured in centimetres on lymphoedema (L)
affected participants.

BMI Affected (CLM) Unaffected (CLM) % Difference

Subject/Affected Limb  Day (kg/m?) Upper Lower Upper Lower Upper Lower

L1 (left arm) 1 31.7 39.0 35.0 34.5 27.0 13.0 29.6
2 31.5 39.2 35.0 34.5 27.0 13.6 29.6

3 314 39.0 354 34.3 27.4 13.7 29.1

L2 (Right arm) 1 31.3 37.0 25.0 29.0 225 27.5 11.1
2 30.5 36.8 253 29.0 22.7 26.8 114

3 29.9 37.0 254 29.2 22.3 26.7 13.9

L3 (Left leg) 1 29.1 43.5 28.8 38.0 26.0 14.5 10.7
2 29.2 43.6 29.2 38.1 26.3 14.4 11.0

3 29.2 43.4 289 38.0 25.6 14.2 12.9

L4 (Right arm) 1 31.7 36.0 31.0 34.0 28.0 5.70 10.7
2 315 36.0 31.0 345 28.0 4.30 10.7

3 31.9 35.5 31.0 33.8 25.5 5.00 21.5

L5 (Left arm) 1 24.5 31.5 26.0 27.0 23.7 16.7 9.7
2 244 31.5 26.0 27.0 23.2 16.7 12.1

3 244 31.6 26.0 26.0 22.8 21.5 14.0

Table 2. CLM measured in centimetres on healthy (H) participants.

BMI CLM Left Limb  CLM Right Limb % Difference

Subject Day
(kg/m?) Upper Lower Upper Lower Upper Lower

H1 1 29.2 315 27.4 29.6 26.0 6.4 5.3
2 29.0 31.5 27.4 29.7 26.0 6.1 5.3
3 29.1 31.6 27.5 29.6 26.0 6.7 5.7
H2 1 23.1 28.2 24.8 29.7 26.0 53 4.8
2 23.6 28.6 25.0 30.2 26.3 5.6 52
3 23.4 28.0 25.8 294 27.0 5.0 4.6
H3 1 24.1 30.4 255 29.5 25.0 3.1 2.0
2 241 30.4 25.6 29.5 25.0 3.1 22
3 24.2 30.5 252 29.5 25.0 3.4 2.0
H4 1 22.6 26.2 234 25.0 23.0 4.8 1.7
2 224 26.0 23.5 25.0 23.0 42 22
3 22.2 26.1 234 25.0 23.2 4.4 1.3

Subjects L1 and L5 have unilateral lymphoedema on the left arm, while L2 and L4 have unilateral
lymphoedema on the right arm. Subject L3 however has unilateral lymphoedema on the left leg.
From the table, circumferential measurements on L1 BMI = 31.7 kg / m? had a 13.0% increase in limb
size on the upper limb, while the lower limb was larger by 29.6% on the first day of measurement.
Repeated measurements on the second and third day showed little difference in CLM measurements
and BMI. The affected limb consistently had a more than 10% increase in limb size on the upper limb
and 29% on the lower limb in comparison with measurements on the contralateral limb. This ratio
agrees with the standard classification for lymphoedema diagnosis [11] (the presence of oedema on a
swollen limb if more than 10% greater than the contralateral unaffected limb). Similar observations
were made on all of the other subjects, as well as differences in their body mass indices. L2 with
BMI 31.3 kg/m? has an affected upper limb greater than the contralateral limb by 27.5%, while the
lower limb is greater by 11.1%. L3, BMI 29.1 kg/m?, has the affected left leg greater in size than the
contralateral right leg by 14.5%. L4 BMI 31.7 kg/m? has the affected lower arm greater by 10.7%,
but increased on Day 3 to 21.5%. The CLM measured on the affected upper limb of subject L5, BMI
24.5 kg/m?, was 16.7%, while the affected lower limb was 9.7% greater than the contralateral part.
Again, a repeat of the procedure on the healthy subjects (Table 2) provided a maximum ratio of 6.7%
on the upper limb and 5.3% on the lower limb of subject H1, BMI 29.0 kg/m?, while in subject H2,
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BMI 23.4 kg/m?, the upper right limb is greater than the healthy left limb by 5.3% and the lower limb
greater by 4.8%. Similar results were obtained on subjects H3 and H4. The data from the unhealthy
and healthy participants reconfirm earlier pathological diagnosis of oedema on the lymphoedema
affected participants and the absence of oedema on the healthy participants.

Figure 3 depicts the result of the galvanic measurement on lymphoedema affected subjects
without fluid restriction, and Figure 4 is the galvanic measurement on healthy subjects without fluid
restriction. Similarly, Figure 5 is the result after ingestion of water that followed a 10.00 p.m.-10.00 a.m.
fluid restriction. The results show that limbs affected with oedema had higher signal gain or lower
attenuation than the unaffected limbs without bias by fluid restriction, and subjects with high BMI
usually had higher signal attenuation on the unaffected limbs than the unaffected limbs of subjects
with low BMLI. Signal gain before fluid restriction on the pathologically diagnosed limbs of subjects
L1-L5 is between —65.0 and —68.0 dB, while the gains measured on the unaffected limbs are between
—69.0 and —74.0 dB. Similar measurements on both arms of the healthy participants (Figure 4) were
on average between —71.0 and —76.0 dB, except for subject H4, which may be due to the subject’s low
BMI value and hydration.

Table 3 shows a comparison of the difference in CLM measurements between the affected and
the unaffected limbs and the average difference in the gain of a galvanic signal passing through the
unaffected and affected limbs. Subjects with a high difference in CLM also had a high difference in the
magnitude of the signal, and subjects with high BMI had higher difference in the amplitude of the
signal between the affected and the unaffected limbs.

An observation of the rate of flow shows a near steady rate of 0.05 dB/min in the first
25 min measured on subject L1, with maximum change occurring between 25 and 30 min at the
rate of 0.26 dB/min on the lower limb of the lymphoedema affected arm. Similarly, the corresponding
measurement on the contralateral limb, the unswollen lower limb of the same subject, showed a
constantly changing signal gain with rates doubling the flow rate on the affected arm from 0.09 dB/min
in the first 15 min to 0.42 dB/min in the next half of the experiment period. A similar observation
was also made on subject L2. Measurements on the affected leg (subject L3) showed that the signal
changed slowly at the rate of 0.07 dB/min on the affected leg, while the rate on the unaffected leg is
about 56% more than the rate on the affected leg similar to observations on the arm. A comparison
with the observation on the healthy subjects (Figure 5) shows more randomness in the signal gain on
both hands of all of the subjects. Subject L5 was not permitted to continue in further testing, because he
was medically at risk. The result on subject L5 (Table 4) suggests the possible effect of his medication
on our measurements.
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Table 3. Comparison of CLM and the average difference in galvanic signal amplitude between the
affected and unaffected lower limbs.

Subject BMI Percentage Change  Difference in Gain

kg/m? in CLM dB
L1 31.5 29.6 8.0
L2 30.5 27.5 6.0
L3 29.2 14.5 1.2
L4 315 21.5 9.0
L5 244 13.0 5.0
Healthy Participants
BMI CLM Difference in Gain
kg/m? Left and Right dB
H1 29.0 5.6 3.0
H2 23.6 3.8 4.0
H3 241 2.0 2.0
H4 224 44 4.0

Table 4. Deviation in time of propagating galvanic signal on lymphoedema affected participants, Day 2,
without fluid restriction, and 3, after fluid restriction and ingestion of 350 mL of water.

BMI Affected Unaffected

Subject  Day
kg/m?>  dB/min dB/min

L1 2 31.5 0.26 0.81
3 31.4 0.16 1.83
L2 2 30.5 0.24 0.93
3 29.9 0.37 0.82
L3 2 29.2 0.34 0.60
3 29.2 0.15 0.44
L4 2 31.5 0.81 3.79
3 31.9 0.35 0.83
L5 2 244 1.93 1.25
3 - - -

Figure 5 is the graph of the time-varying changes in signal gain with our galvanic measurement
recorded after fluid restriction and intake of water. The differences between the graphs of the affected
and the unaffected limbs are clear and explainable. In Figure 5, measurements started 5 min after fluid
intake and lasted for 20 min. Fluid restriction before consumption was to induce initial dehydration,
which would accelerate absorption and possible flow after fluid intake. Again, the result showed
a near zero rate of change on the affected lower limb and 1.83 dB/min on the contralateral limb of
the unaffected arm on subject L1. Subjects L2, L3 and L4 recorded 0.37, 0.15 and 0.35 dB/min on the
affected limbs and 0.82, 0.44 and 0.83 dB/min on the unaffected limbs, respectively. Measurements on
the healthy subjects (Figure 6) was 1.22 and 1.32 dB/min on the left and right limb of subject H1 and
0.59 and 0.72 dB/min on both left and right limbs of subject H2 with a similar pattern occurring on
subjects H3 and H4. The hydration trends of healthy limbs follow our previous findings and showed
that after the intake of water hydration start and finish time differs per individual, and at time #,
hydration ceases to occur [33].
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Figure 6. Measurement of galvanic coupled signal gain at 900 kHz, after fluid restriction and intake of
350 mL, on both arms of healthy subjects.

Tables 4 and 5 are the deviations in time. After fluid restriction and ingestion of water, the rate of
change in the signal gain was still more than 100% slower than the unaffected arm. Contrarily, the rate
of change in the attenuation of the signal on the healthy subject, H1 for example, was 1.22 dB/min on
the left limb and 1.32 dB/min, 8.2% between the two arms. Participants with lymphoedema affected
disease had as much as a 55% difference between the affected and the contralateral part. Subject L5,
besides lymphoedema, is treated for high blood pressure with amlodipine, a drug to increase the flow
of blood [31], and was excluded from continuing with the experiment. The gain on his affected arm
without fluid restriction was —65.59 dB, while the unaffected arm was —73.36 dB, as proposed in our
theory. However, the change in attenuation at each point of measurement was possibly altered by the
amlodipine medication.

Table 5. Deviation in time of galvanic signal attenuation on healthy participants, Day 2, without fluid
restriction, and Day 3, after fluid restriction and ingestion of 350 mL of water.

BMI Left Limb  Right Limb

Subject Day
kg/m2 (dB/min) (dB/min)

H1 2 29.0 0.52 0.82
3 29.1 1.22 1.32
H2 2 23.6 1.16 1.54
3 234 0.59 0.72
H3 2 241 0.48 0.69
3 242 0.66 0.87
H4 2 224 2.02 2.06
3 22.3 2.14 2.31

5. Discussion

Galvanic coupling intrabody signal attenuation changes with the change in human body fluid
state [20]. However, in body fluid disorders, such as lymphoedema, there is a notable fluid retention
caused by leakage or lymphatic vessel damage that leads to accumulation or stagnation of fluid on
the affected body part [34]. In this paper, we demonstrate that signal attenuation on a unilateral
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lymphoedema is low and the rate of change partial, indicating blocked or unnatural fluid flow.
Our circumferential limb volume measurements on both arms and legs of lymphoedema affected
subjects showed more than a 10% increase in the volume of the swollen limb. This phenomenon was
pathologically diagnosed and characterised as unilateral lymphoedema four and a half years ago on
subject L1, three years ago on subjects L2 and L5 and sixteen years ago on subjects L3 and L4. Subjects’
medical records showed that the differences in volume between the left and right limbs were a result of
fluid retention on the upper and lower left limb. The accumulation implies that there is an imbalance
between fluid production and circulation [2], which we investigated on the affected arm and leg of our
subjects with our galvanic coupling circuit.

Firstly, without fluid restriction and, secondly, with fluid restriction, the quantitative difference
between CLM and the difference in signal amplitude between the affected and the unaffected arms
(Table 3) show that subjects with a high difference in circumferential limb measurement also had a
high difference in the average value of the measured signal amplitude. This implies that in a unilateral
lymphoedema, the technology could also measure the severity of fluid accumulation. The mean
deviation of the signal attenuation in time for the pathologically diagnosed subjects as given in Table 4
shows 0.26 and 0.16 dB/min without and with fluid restriction, respectively, on subject L1. Similarly,
the deviations on the contralateral right arm were 0.81 and 1.83 dB/min, respectively. By defining o as
the time variation of the signal attenuation, we theorise from Equation (5) that a low value of o means
partial or stagnant fluid flow, while a high value of ¢ implies high deviation from the mean, which
suggests movement of body fluid. Results obtained with and without fluid restriction show low values
of o on the affected arm and a high value of ¢ on the unaffected contralateral arm on the subjects with
unilateral lymphoedema. Values between 0.15 and 0.37 dB/min are low and are measured on subjects
that have lymphoedema, while values between 0.60 and 1.83 dB/min are high and occurred on subjects
who were not pathologically diagnosed with lymphoedema. Table 5 is the deviation in time on the left
and right arm of healthy subjects with both subjects arms slightly differing by 20%. Thus, both results
show partial fluid flow on the affected lower limb with rates about twice slower than the unaffected
arm (Figures 4 and 5). Low flow rates are associated with high BMI values and high flow rates with
low BML. It is generally known that lymphoedema disease is associated with inadequate flow of body
fluid [5,6]. The subjects in our study use a compression garment as treatment therapy to massage the
affected tissue and reduce fluid accumulation on the affected part of the body [34,35]. Response to
treatments such as this need to be monitored. Our empirical measurements detected evidence of fluid
overload on the lower limb of each subject with attenuation rates twice lower on the affected arm
contrary to concomitant changes observed on healthy subjects without oedema on any of the limbs.

6. Conclusions

In this paper, we show the use of galvanic coupled signal propagation to assess fluid accumulation
and flow on a unilateral lymphoedema. The results show that fluid accumulation can slow the flow
rate to at least twice less than the rate on an unaffected arm of the same subject and can increase highly
if the subject dehydrates. Our predictions matched empirical measurements and show that body fluid
flow can be monitored using galvanic coupled signal attenuation, and the measured differences in
attenuation over a period of 20 min can be used to observe body fluid flow, which is essential for
diagnosing early development of fluid disorder, such as lymphoedema, and for monitoring responses
to treatment. However, we note that a more conclusive experiment is required on a large scale. Our
future work will focus on this and developing a protocol that would ensure that other factors, such as
medication, are factored in in the design.
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