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Abstract: Recent advances in biomedical sensors, data acquisition techniques, microelectronics and
wireless communication systems opened up the use of wearable technology for ehealth monitoring.
We introduce a galvanic coupled intrabody communication for monitoring human body hydration.
Studies in hydration provide the information necessary for understanding the desired fluid levels
for optimal performance of the body’s physiological and metabolic processes during exercise and
activities of daily living. Current measurement techniques are mostly suitable for laboratory purposes
due to their complexity and technical requirements. Less technical methods such as urine color
observation and skin turgor testing are subjective and cannot be integrated into a wearable device.
Bioelectrical impedance methods are popular but mostly used for estimating total body water with
limited accuracy and sensitive to 800 mL–1000 mL change in body fluid levels. We introduce a
non-intrusive and simple method of tracking hydration rates that can detect up to 1.30 dB reduction
in attenuation when as little as 100 mL of water is consumed. Our results show that galvanic coupled
intrabody signal propagation can provide qualitative hydration and dehydration rates in line with
changes in an individual’s urine specific gravity and body mass. The real-time changes in galvanic
coupled intrabody signal attenuation can be integrated into wearable electronic devices to evaluate
body fluid levels on a particular area of interest and can aid diagnosis and treatment of fluid disorders
such as lymphoedema.

Keywords: galvanic coupling; signal attenuation; hydration rates; body fluid level

1. Introduction

Assessment of human body composition is fundamental to the understanding of body
physiological and metabolic processes. Body fluid contributes up to 60 percent of the mass of
the human body. The body’s fluid state is affected by both endogenous processes, such as body
metabolism, and exogenous factors such as climatic changes, exercise, disease, and diet. Investigations
into hydration are required because they help identify or quantify ill-health and understanding poor
exercise performance. Consequences of excessive fluid losses or inadequate fluid intake can include
hypohydration, urinary infections, reduction in cognitive function, reduction of cellular metabolism
and mortality [1]. The body fluid shifts between the intracellular and the extracellular tissues to
maintain water balance. This movement follows an osmotic gradient in order to ensure that optimal
concentrations of electrolytes and non-electrolytes are maintained in the cells, tissues, plasma, and
interstitial fluid. Two adverse conditions can be identified: hyperhydration, in which there is excess
water in the body, and hypohydration or dehydration, when there is less than the normal amount of
water to meet the body’s requirement [1] and accurate and easy estimates of hydration levels with cost
effective technology are essential to policy makers in setting public health priorities [2], for doctors and
clinicians to classify body fluid and cell mass conditions of healthy persons and patients with certain
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diseases [3] and for individuals, especially the elderly who are at higher risk of dehydration [3,4].
Further research evidence on the elderly showed that older people who were dehydrated at admission
were more likely to die than their counterparts [5].

An electrical signal passing through the human body is strongly affected by the size of the tissue,
available fluid and its dielectric properties. Tissues have a high ability to store electrical energy. High
frequencies are affected by human body antenna effects and possible radiation. Our frequency range
lies between 800 kHz and 1.3 MHz, which lies within the β dispersion region that is related to the
cellular structure of biological materials [6] and can penetrate into the extracellular and intracellular
tissue spaces. This also falls within the frequency range (5–1000 kHz) used for whole-body fluid
analysis with bioimpedance spectroscopy method [7]. The electrical conduction at this frequency is
affected by the amount of water solute available in the tissue spaces. Loss of body fluid, for example,
during exercise could cause up to 6% increase in muscle impedance [8]. Thus, by coupling a low
frequency electrical signal galvanically on the body, the signal passing through the tissue will vary
in attenuation to the changes in the water level. Consequently, the attenuation (negative gain) of the
signal amplitude will depend on the composition of the tissue in terms of the amount of water present
at the time, the tissue muscle-fat ratio and the input signal frequency. External factors such as the
type of electrode, the distance between the connecting electrodes and environmental conditions can be
experimentally controlled. Similarly, signal changes due to the effects of limbs around joints [9] can be
minimised by avoiding measurement on joint areas.

Techniques for assessing hydration include intrusive and non-intrusive methods. The intrusive
method requires intravenous access to the body and is usually performed by trained personnel such
as technicians, doctors or nurses. This system requires in vivo access and testing of the blood and
is regarded as a later indicator of dehydration rather than a warning system that informs a quick
preventative measure [10]. Physical signs such as urine color observation, urine specific gravity
test, and body weight changes are some examples of non-intrusive methods for assessing human
body hydration [11]. This method gives oversimplified results and poorly sensitive to changes in
dehydration [12]. Wearable electronics that measure perspiration metabolites [13] can only estimate
the physiological state of an individual’s body fluid level under sweat and not without sweat secretion.
Moreover, these techniques can not be used to target fluid disorder on a specific part of the body.
The purpose of this work is to introduce a galvanic coupled signal propagation method for assessing
hydration rates that can also be used for assessing fluid changes on a particular area of the body. Our
results are comparable to previous methods, but present an easier wearable alternative to hydration.
We argue that undertaking a composite testing of our proposed system alongside known urinary
markers of dehydration is vital to validating our proposed idea. This paper is organised are follows:
Section 2 details the modification of our previous circuit model. Section 3 is our methodology and
Section 4 is the results. This is followed by discussion in Section 5 and conclusion in Section 6.

2. Modification on Previous Circuit Model

Our group developed a human body circuit model [14], which was later improved by introducing
a dynamic tissue impedance ZF(t). We defined hydration as the process of gaining tissue fluid and
proposed in [15] a circuit model of real time human body hydration with time variable fluid impedance
(Figure 1), in which ZES is the impedance of the contact interface to the body at the transmitter and the
receiver nodes, ZT corresponds to the transverse impedance, while Zb is the cross impedance. Vi is the
transmit voltage, while V0 is the output voltage at the receiver end with load Rl . ZL is the longitudinal
impedance of the transmission path consisting of the skin, fat, muscle, and bone, body fluid, cortical
bone and bone marrow. We defined the variable impedance due to hydration as:

ZF(t) = Z f 0 − Zw(1− e−
t
τ )[15], (1)

where t is the time for the change in impedance to occur, Z f 0 is the impedance at time t = 0 just
before hydration begins, Zw is the impedance resulting from the water consumed and the ratio t

τ is a



Electronics 2016, 5, 39 3 of 16

characteristic that predicts the rate of hydration. τ is the time constant that characterises the metabolic
process of a particular individual. We found that given an initial fluid volume Vib before hydration
and Vw amount of fluid consumed, the body will hydrate to a fluid volume Vb given as:

Vb = Vib + Vwe
t
τ ; t = 0; Vb = Vib, (2)

and would reach the state of water balance at time t f .

Figure 1. Circuit diagram of galvanic coupled intrabody signal with variable impedance component
from variable changes in human body fluid [15], Copyright 2016, IEEE.

Based on this, we propose that the increase in the volume of body fluid, as hydration occurs,
increases the volume of tissue fluid which will result in a gain in body weight by an amount
equivalent to

wtg = Vwe
t
τ , (3)

where wtg is gain in weight, since short term changes in body weight can be attributed to loss or gain
of body water and 1 mL of water has a mass of one gram [16]. By representing the anthropometric
parameter contributing to the longitudinal impedance between the transmitter and the receiver
electrode pairs by the cross-sectional area of the muscle-fat, θ, as a ratio. We have

θ =
Am

A f
, (4)

where Am and A f are the cross-sectional areas of muscle and fat, respectively, to the distance between
the transmitter and receiver electrode pairs. We set 0 < θ < 1—if we assume high θ corresponded to
low fat index (low BMI) and low θ corresponded to high fat index (high BMI). BMI by definition is
body weight (wt) divided by square of height (h2), unit is (kg/m2)

BMI =
wt
h2 . (5)

Assuming no change in height, since all experimental protocols and measurements were
completed within 14 h for each participating adult, then,

wt ∝ BMI, (6)
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and a change in wt due to hydration or dehydration will also result in a change in BMI,

∆wt ∝ ∆BMI. (7)

Therefore, θ can be defined in terms of the changes in real body weight. We know from [17,18]
that short term changes in body mass are associated with changes in human body hydration state
given by Equation (3). wtg = ∆wt. If we assume a BMI mainly due to fat mass, then θ is inversely
proportional to BMI. By these definitions:

∆wt ∝ ∆
1
θ

, (8)

or
∆wtθ = k. (9)

Similarly,
∆wt ∝ ∆G, (10)

where ∆G is the change in gain (negative attenuation) of the electrical signal as a result of the change
in the body hydration state, measured in dB/minute. ∆wt is related to θ by a proportionality constant
k. If ∆wt and θ are biological constants, then the constant of proportionality k which affects the
biological behaviour of the body under hydration is also biological and, from Equations (9) and (10),
k is a metabolic process equivalent to τ, which, by Mifflin-St. Jeor equation [19], is related to resting
metabolic rate (RMR). A dynamic change in the impedance caused by a change in the human body
hydration state would result in a change of the impedance of ZT , ZL, and Zb as following:

ŹT = ZT + ZF(t), (11)

ŹL = ZL + ZF(t), (12)

Źb = Zb + ZF(t). (13)

Similarly, G( f ; t; wt; τ).
Thus, the signal attenuation G( f , t, wt, τ) of a galvanically coupled circuit passing through the

human body can be expressed in terms of frequency f , time t , change in body weight wt, and a
time-dependent constant τ related to RMR [19]. This expression is similar to our previous expression
of the gain G of a galvanic coupled circuit (Figure 1), with the transfer function as shown in [15]. We
argued that if Equation (5) defined BMI in terms of excess body fat, then individuals with high BMI
will, on average, have a lower hydration rates, will keep water longer in the body, and hence take
longer to urinate, and the reverse is true if defined in terms of excess muscle mass. We shall use this
relationship to empirically determine the attenuation per unit volume of water consumed in Section 3.

3. Methodology

3.1. Equipment

The measurement set up is as shown in Figure 2. We used a hand held refractometer, URICON-NE,
Cat. No. 2722 with measurement uncertainty of 0.001 from ATAGO Co., Ltd.,Itabashi-ku, Tokyo, Japan
to measure the urine specific gravity of the urine samples provided by the participants. Urine specific
gravity (SPG) measures the ratio of the density of urine relative to the density of pure water. A specific
gravity greater than one means the fluid is denser than water [20]. Urine specific gravity measurements
usually range from 1.002 to 1.030. Minimal dehydration ranges from 1.010 to 1.020 with increasing
severity of dehydration from 1.020 and upwards. A specific gravity of 1.030 and upwards is regarded
as highly severe and values below 1.010 are classified as hyperhydration [20–22]. Other factors such
as glucose level and drug use that may affect specific gravity readings were countered by ensuring
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that participants’ diets prior to experiment were controlled and exclusive of supplements, were not
taking medical drugs, and are healthy. Moreover, the experiment started after an overnight 12-h fast.
We also set the specific gravity measurements as a second test for determining individual hydration
level and used it in conjunction with body mass changes for our investigation. We used Hanna
digital thermometer model number HI-98509 (Manufactured by Hanna Instruments, Woonsocket,
RI, USA,) to measure the temperature of the urine samples. We measured the urine specific gravity
of the urine samples at the required temperature of 20.0 ◦C . A mini Pro Vector Network Analyser
(VNA), frequency range 100 kHz to 200 MHz, manufactured by Mini Radio Solutions, Poland, baluns
(Coaxial RF transformers, FTB-1-1+, turns ratio of one, manufactured by Mini-Circuits (Brooklyn, NY,
USA), and frequency range 0.2–500 MHz), and round pre-gelled self-adhesive Ag/AgCl snap single
electrodes (1 cm diameter, manufactured by Noraxon (Noraxon Inc.,Scottsdale, AZ, USA) were used
with 20 cm as the separation distance between the transmit and receive electrodes [23] to measure
the signal attenuation. 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,
can be used for two hours of measurement, and reduce the effects of motion artifacts and refection
compared to polarizable electrodes. The baluns are used to electrically isolate the two ports of the VNA
to ensure the return current does not make a loop through the common ground of the two ports. An
off-the-shelf electronic WeightWatchers weight tracking & body composition monitor model number
WW125A (made in China) with measurement uncertainty ±50 g was used to measure changes in body
mass of the subjects. Subjects wore light clothing and were barefoot. Subject height was measured to
the nearest 0.5 cm measured against the wall bare footed and heels together with buttocks, shoulders,
and head touching the vertical wall surface and clear horizontal marking sighted. Participants were
given time to read and understand the experiment procedures and their consents were obtained in line
with the approved procedures of the Victoria University Human Research Ethics Committee.

Figure 2. Intrabody signal propagation connected galvanically to measure signal attenuation after 600
mL fluid intake and after urinating on 12 male and eight female healthy adults.
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3.2. Experiment I: Hydration Testing

Twenty subjects consisting of 12 males and eight females participated in this experiment. We
defined two experimental protocols in this test. First, the hydration measurement protocol, which is
preceded by fluid abstinence after supper (latest 10.00 pm) until 10 a.m. to induce dehydration. We
measured the level of dehydration on each subject by testing the specific gravity of urine sample 1
collected prior to the start of the experiment. In addition, 600 mL of water was given to each subject
to drink and the rate of hydration measured 5 min after intake—this is because water appears in
plasma and blood cells within 5 min after consumption [24]. All of the participants sat on a plastic
chair and were told not to move as much as humanly possible. The measured arm rested on a wooden
table (Figure 2) was insulated to ensure no current leakage and to ensure movement artefacts were
minimized. In the second protocol, we determined the rate of dehydration after the subjects had
urinated following the consumption of 600 mL of water. We also recorded the elapsed time to produce
urine by each subject. We established the pre and post hydration states of each subject by testing
the individual urine specific gravity of both urine samples 1 and 2 with the hand held refractometer.
We observed the urine colour changes and took measurements of the body mass differences with
the electronic floor scale. The body mass of each participant was measured as W0 before drinking,
W1 immediately after drinking and W2 after urinating. We used a volumetric cylinder to measure
the volume of urine samples produced after the 600 mL of water intake. Both the hydration and
dehydration measurements were measured by taking five measurements of signal attenuation at
5 min intervals, and the average was used. The change in post drink weight and post urination
weight was observed and recorded against the refractometer readings and the changes in signal
attenuation. Subjects were not permitted to do rigorous exercises during the intervals throughout
the period of the experiment, and all measurements were carried out at 10.00 am and average room
temperature of 25 ± 0.1 ◦C was maintained throughout. Interference and background noise was
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. All
measurements followed the approved procedures of the Victoria University Human Research Ethics
Committee, approval number HRE 14-122.

3.3. Experiment II: Sensitivity Test By Empirical Measurement

Three subjects consented to participate further in this experiment. The experiment was performed
on three random days and completed in three weeks. We set the control for the sensitivity test as
the average value of the signal attenuation measured for a given period of time before fluid intake.
We define our sensitivity as the smallest amount of water consumed that causes a galvanic coupled
intrabody signal to amplify beyond the control level after fluid intake. Both the control and the
sensitivity test were performed the same day and under the same condition. To measure this, we
extended the pre-drink, post drink and the measurements after urinating to 30 min. This is because we
observed in experiment I that, while many subjects indicated hydration within twenty minutes, we
want to observe, if there was any evidence of hydration occurring after 20 min. The 30 min pre-drink
measurement was to serve as a baseline or control test. The sensitivity test followed the process
narrated in experiment I, with a variation in the amount of water consumed by the subjects ranging
from 100 mL, 250 mL to 300 mL on each day of the experiment. The result is reported in Section 4 for
both hydration and dehydration stages.

3.4. Experiment III: Sensitivity Test By Simulation

Experiment II showed the minimum amount of water to be detected as 100 mL. We test this
theoretically using our circuit model Figure 1 with the same parameters for the anthropometric
measurements of the arm [25] in which a 50 mm arm radius, has the thickness of body fluid layer
as 23 mm estimated from [26,27]. After consuming 100 mL of water, the maximum gain will occur
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when all the water consumed is retained within the 20 cm channel length. This will increase the fluid
layer thickness to 26 mm, so that for a 100 mL fluid in intake, wtg = 0.1 kg. Using the transfer function
of G derived in [15]. We have the sensitivity after consumption of 100 mL of water maximum signal
gain occurring when the 100 mL are absorbed within the 20 cm channel length.

4. Results

Table 1 presents the data from the twenty subjects. Firstly, the weighing scale measurements
differed slightly from expected results after 600 mL of fluid intake, i.e., W1−W0 6= 600 g± (uncertainty
in measurement ) in some cases. However, the change in weight after urinating, W2−W1, corresponded
to the volume of urine produced for most of the subjects. Similarly, urine specific gravity (SPG)
measurement decreased from SPG1, measurement after fasting, to SPG2, measurement after fluid
intake, as expected. This means that the fluid intake produced rehydration and lowering of the urine
density. In a healthy person, the kidney regulates water balance by conserving water or getting rid
of excess water relative to the requirement for a healthy water balance [28]. When the amount of
water consumed is large enough to reduce the concentration of blood plasma, a urine more dilute
than blood plasma is produced; on the other hand, when the available water is too small to dilute
the blood plasma concentration, a more concentrated urine than the blood plasma is produced [29].
Higher specific gravity values indicates higher dehydration. These instances are reflected in our result.
Therefore, we shall match the changes in the urine specific gravity of the subjects with the differences
in weight between W2 and W0, and the measured attenuation after an intrabody signal is transmitted
galvanically, as explained in the experiment procedure, for our analysis. The average observation on
the elapsed time between fluid intake and urination increases with increase in body mass index.

Table 1. Effect of hydration on body weight and urine specific gravity (SPG) on 20 subjects.

Subject BMI W0 W1 W2 Volume of Elapsed Time SPG1 SPG2
(kg/m2) (kg) (kg) (kg) Urine (mL) (Minutes) before Drink after Drink

A 29.3 87.60 88.15 88.10 75 118 1.021 1.018
B *** 20.8 56.70 57.30 57.10 190 61 1.030 1.007

C 24.2 72.55 73.10 72.60 250 56 1.025 1.010
D ** 31.4 83.15 83.55 83.15 340 76 1.016 1.010

E 33.1 93.40 93.90 93.50 305 111 1.017 1.008
F * 28.5 75.65 76.15 75.30 360 95 1.020 1.005

G ** 23.5 62.80 63.20 62.80 330 60 1.016 1.010
H 31.4 101.00 101.60 101.40 150 70 1.020 1.015
I 26.4 81.65 82.10 81.85 220 99 1.023 1.014
J 36.5 104.25 104.75 104.35 325 125 1.021 1.016
K 22.9 76.00 76.55 76.30 100 70 1.019 1.016
L 23.7 73.50 74.20 73.80 300 51 1.020 1.007

M *** 25.6 95.30 95.70 95.50 200 60 1.031 1.007
N 25.9 78.60 79.10 78.80 175 86 1.024 1.010

O * 42.5 122.8 123.30 122.25 400 155 1.011 1.010
P 24.4 64.00 64.50 63.90 250 77 1.021 1.005
Q 21.9 60.30 60.75 60.50 125 78 1.017 1.014
R 23.7 66.20 66.80 66.40 350 93 1.017 1.004
S 24.0 67.70 68.30 68.00 250 62 1.023 1.006
T 26.1 92.35 92.60 92.50 175 47 1.020 1.008

* W2 < W0 Hyper hydration; ** W2 = W0 Optimal hydration; *** W2 > W0 Dehydrated.

Subject specific cases were observed based on the assumption that the water consumed was
retained or excreted based on the initial body hydration level and the need to maintain homeostasis
water balance [28]. In Case 1 Figure 3, W2 < W0 = Hyper hydration (example, subjects F and O).
Subjects weighed less than the base line weight after urinating and initial specific gravity is low.
Subjects produced the largest volume of urine after the specified drink. This suggests excess water
in the subjects before the 600mL intake, thus W2 < W0. Absorption was observed after subjects had
urinated. In Case 2 Figure 4, W2 = W0 = Optimal hydration (example, subjects D and G). Here,
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subjects’ baseline weight was the same as the weight after urinating, and the subjects produced a large
amount of urine. The fluid intake after the state of water balance was reached did not cause immediate
hydration; therefore, tissue absorption and de-absorption was not continuous and water intake did
not cause significant change in signal attenuation. Fluid abstinence before 10.00 a.m. did not make
these groups of subjects dehydrate.

Figure 3. Graph of the rate of hydration (A), and dehydration (B), after 600 mL fluid intake on subjects
F and O observed at 1.2 MHz, W2 < W0. Subjects were hyper hydrated by the protocol.

Figure 4. Graph of the rate of hydration (A), and dehydration (B), after 600 mL of fluid intake on
subjects D and G at 900 kHz, W2 = W0. Subjects were normally hydrated by the protocol.

In Case 3 Figure 5, W2 > W0 = Severe dehydration (example, subjects B and M). Subjects had urine
specific gravity that reflected extreme water loss, and the time taken to urinate was high compared to
individual BMI. After urinating, dehydration occurred and was observed at different times.
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The rest of the subjects were grouped as Case 4 Figure 6, W2 > W0, mild dehydration based on the
urine specific gravity reading SPG1 measured before fluid intake. Among this group, the maximum
rate of hydration was 0.44 dB/min occurring in subject N, SPG1 = 1.024, while the minimum rate
occurred at 0.02 dB/min on subject Q, SPG1 = 1.017. After urination, the maximum rate of dehydration
occurred at 0.40 dB/min with subject L, SPG1 = 1.020, while the minimum rate was 0.11 dB/min
occurring in subject C, SPG1 = 1.025.

Figure 7 is the graph of the subject’s BMI against time taken for individual metabolic process to
complete and process urine. The figure shows that BMI is related with the time it takes to process
urine and is also related with the rate of hydration and dehydration in accordance with our previous
findings [15]. Figure 8 depicts the empirical results of the sensitivity of a galvanic coupled signal
to detect hydration due to body fluid intake, while Figure 9 is the simulation result for a 100 mL
maximum fluid absorption with our circuit model.

Figure 5. Graph of the rate of hydration (A), and dehydration (B), after 600 mL of fluid intake on
subjects B and M observed at 900 kHz, W2 < W0. The protocol produced severe dehydration on
subjects B and M. After urinating, subject B dehydrated and stopped after 10 min, while subject M
started dehydration after 15 min. Both showed longer periods of re-absorption.

Figure 6. Graph of the rate of hydration (A), and dehydration (B), after 600 mL of fluid intake on
subjects A,C,E,H,I,J,K,L,N,P,Q,R,S and T observed at 900 kHz. W2 < W0. The protocol produced mild
dehydration on subjects.
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Figure 7. Graph of the relation between subject specific body mass index (BMI) and the time it took to
urinate after consuming 600 mL of water.

Figure 8. This graph represents the sensitivity test for an intrabody signal measured on three subjects
for three random days at 900 kHz, before drinking (A), after drinking 100 mL, 250 mL and 300 mL
amounts of water (B), and after urinating (C). From 5 min–30 min is the average attenuation measured
before drink. After drinking, the attenuation was measured from 35–60 min. The gap between
measurement after drink and urination is a variable time that elapsed before each subject urinates.
After urinating, the attenuation was again measured from 5 min to 30 min. Measurements were taken
at 900 kHz and subject specific parameters are: Subject D height = 166 cm and BMI = 29.83 on day 1,
Subject K height = 182 cm and BMI 23.81 on day 2, and subject L height = 176 cm and BMI 23.34
on day 3.
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Figure 9. Simulated sensitivity of a galvanic coupled intrabody at 900 kHz at different combinations
of τ and θ. (A) is before 100 mL fluid intake and thickness = 23 mm, while (B) is after 100 mL intake,
assuming maximum concentration of this amount within 20 cm inter-electrode distance, fluid thickness
= 26 mm. Predicted increase in attenuation is 1.5 dB for τ = 20 and θ = 0.6, and 1.70 dB for τ = 80 and
θ = 0.3 and 1.91 dB for τ = 150 and θ = 0.2

Subjects D, K, and L, height 166 cm, 182 cm and 176 cm, respectively, participated in the control
and sensitivity tests.

Tables 2–4 are the control and sensitivity results. The tables show that for the three random
days tested, the variation in the subjects’ body mass was below 2 kg, and the change in body weight
corresponded to the quantity of water consumed by the subjects on each day of the experiment. The
weight also decreased after the subjects had urinated and the urine specific gravity dropped after
water was consumed.

Table 2. Control and sensitivity test, Day I.

Fluid Intake = 100 mL

Subject BMI W0 W1 W2 SPG1 SPG2
(kg/m2) (kg) (kg) (kg) before Drink after Drink

D 29.83 82.20 82.30 82.20 1.014 1.014
K 23.58 78.10 78.20 78.20 1.022 1.021
L 23.44 72.60 72.70 72.60 1.023 1.021

Table 3. Control and sensitivity test, Day II.

Fluid Intake = 250 mL

Subject BMI W0 W1 W2 SPG1 SPG2
(kg/m2) (kg) (kg) (kg) before Drink after Drink

D 29.65 81.70 81.90 81.80 1.016 1.012
K 23.81 77.95 78.20 78.10 1.025 1.018
L 23.27 72.10 72.40 72.20 1.021 1.010
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Table 4. Control and sensitivity test, Day III.

Fluid Intake = 300 mL

Subject BMI W0 W1 W2 SPG1 SPG2
(kg/m2) (kg) (kg) (kg) before Drink after Drink

D 29.90 82.40 82.70 82.55 1.014 1.014
K 23.81 78.00 78.20 78.10 1.023 1.021
L 23.34 72.30 72.60 72.35 1.018 1.007

The control and sensitivity tests, Figure 8, show the variation between repeated measurements on
three subjects on three random days for the first 30 min and the hydration as the subjects consume
different amounts of water. The standard deviation between average data points on the reported data
for the three subjects who consented to participate and were used for control or baseline values ranged
from 0.08 dB–0.18 dB for subject D, 0.47 dB–0.58 dB for subject K and 0.21 dB–0.22 dB for subject L.
The deviation from the baseline on the subjects after 100 mL intake are: subject D increased to 1.31 dB,
while subjects K and L increased by 2.75 dB and 0.77 dB, respectively, after 250 mL. As the amount of
water consumed increased, hydration increased evidenced by the increase in signal gain. For example,
subject D increased by 4.4 dB when the amount consumed increased from 100 mL to 250 mL. After
consuming 300 mL, the change in signal gain from 250 mL to 300 mL on subjects K and L are 1.57 dB
and 0.64 dB, respectively. The measured attenuations after drink and after urination fall within baseline
values, which were measured after fluid abstinence and before intake. The variation in the degree of
measured attenuation between the three subjects is a result of individual specific body composition,
initial hydration state and specific body metabolism.

Our simulation results show that, for maximum absorption of 100 mL within 20 cm channel length,
the gain for different combinations of τ and θ are: τ = 20 and θ = 0.6, gain is 1.5 dB, and when τ = 80
and θ = 0.3, gain is 1.71 dB, and for τ = 150 and θ = 0.2, gain is 1.91 dB. The theoretical dependences
of the sensitivity are the individual metabolic function τ, muscle-fat ratio, an equivalent of body
mass index represented as θ and initial fluid level. Empirically, it is susceptible that a contributor
to the sensitivity is height, which was not considered in the simulation. Others are subject specific
endogenous processes or metabolism and initial body fluid states.

5. Discussion

5.1. Hydration Measurement Techniques

5.1.1. Urine Colour Indices

Urine color is attributed to the level of concentration of soluble waste substances in the urine.
Higher concentration of soluble wastes may indicate a level of dehydration because the human body,
in a healthy state, constantly tries to maintain homoeostatic water balance. Thus, with the loss of body
water, urine colour changes in proportion to the level of dehydration, and darkens as dehydration
increases or as the concentration of soluble waste increases in the urine [29]. Armstrong et al. [21]
found that urine colour can, in some cases, indicate a person’s hydration state because the changes in
urine colour coincides with other techniques for measuring hydration such as plasma osmolality and
urine specific gravity. However, there is no standard urine colour index to match a given magnitude of
an individual hydration or dehydration state, especially when little changes occur that are not easily
noticeable by observation. A 2015 report by Fortes et al. [12] showed that physical signs such as urine
color and saliva are not sufficient for detecting changes in dehydration level. Our experiment uses the
attenuation of a propagating electrical signal amplitude as a result of fluid absorbed through hydration
or lost through dehydration to assess changes in body fluid level. Our sensitivity test showed that
up to 1.30 dB gain can be detected in the arm when 100 mL of water is consumed, depending on the
initial fluid requirement of an individual.



Electronics 2016, 5, 39 13 of 16

5.1.2. Change in Body Weight

The human body mass contains 60%–70% water [27] with dynamic systems of gaining or losing
water. Short term changes in body weight are attributed to loss or gain of body water because 1 mL of
water has a mass of one gram [16]. Changes in body mass are often used to quantify water gain or loss
in a clinical measurement. Consequently, we used the differences in body weight to deduce the amount
of water retained in the body and to relate it with the changes in the intrabody signal passing through
the body. We note that, as the body hydrates, only a proportion of the amount consumed comes to the
arm where we measured. Our sensitivity test investigated the different amount of water required by
each subject before it could be detected in the arm. Results show that the signal attenuation decreased
as the body weight increased by the fluid consumed and increased as the body weight decreased due
to loss of water (Figure 8).

5.1.3. Refractometry

With the loss of body water, urine specific gravity increases due to increase in the concentration
of urinary waste products [30]. The concentration is determined by the amount of urinary waste per
unit volume of urine. Urine specific gravity measures the ratio of the density of urine relative to the
density of pure water. A specific gravity greater than 1 means the fluid is denser than water [22]. Urine
specific gravity measurements usually range from 1.002 to 1.030. Our results show that subjects with
high SPG values usually had high hydration rates with the galvanic coupling method.

5.2. Intrabody Signal Propagation Method

Our proposed intrabody signal propagation method uses time varying changes in galvanic
coupled signal amplitude to predict hydration rates. The decrease in attenuation (hydration) or
increase (dehydration) during each observation matched the changes in the body weight recorded for
all of the 20 subjects as well as the changes in the urine specific gravity and the visual observations on
the urine colour.

We observed four distinct cases of human tissue hydration. We defined W2 as Weight after
urination and W0 as weight before drink and grouped the cases as following:

Case 1: W2 < W0 = Hyper hydration;
Case 2: W2 = W0 = Optimal hydration;
Case 3: W2 > W0 = Severe dehydrated;
Case 4: W2 > W0 = Mild dehydration.

The graphs show that hydration started and ceased at different times per subject: 30% recorded
hydration levels 10 min after drinking, while 25% recorded hydration levels at 5 min after drinking.
Subjects with high SPG1 usually had higher rates of hydration, while subjects with very low SPG1
had lower rates of hydration. Thus, different individuals have different hydration rates and the
specific gravity reading indicated an individual’s initial dehydration state. Similarly, the amount of
water consumed was too much for some subjects and just appropriate for others. These observations
explain why the state of water balance is reached at different times and is dependent upon the initial
body fluid level in each subject [15]. Figure 7 show that individuals with high BMI have longer
time-dependent metabolic processes, and lower rates of hydration than people with low BMI, in
line with our previous findings. The measured hydration rates lie within the range bounded by the
mean value of the attenuation on an individual’s baseline measurement. From Figure 8, the signal
amplitude changed in proportion with the quantity of water absorbed by the tissues. Similarly, fluid
consumption and losses caused changes in the body mass measurement in line with Equations (2) and
(3). The variations in the signal amplitude were caused by the absorption of water by the tissues, which
caused an increase due to hydration or reduction in body weight due to loss of water by evaporation,
metabolism and urination. The signal amplitude increased more prominently as the volume of fluid
consumed increased. For instance, within the first 5 min, when the amount of water consumed
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by subject D increased from 100 mL to 250 mL, the signal attenuation decreased from −65.5 dB to
−61.9 dB. The attenuation decreased as the amount of water consumed increased. This was reversed
in the dehydration cycle measured after urination.

A review of bioimpedance and plasma osmolality methods indicates that intrabody methods,
as shown in our experiment, are sensitive to detecting mild body fluid changes. Plasma osmolality
measures the amount of osmoles (Osm) of solute per kilogram of solvent (osmol/kg) and is regarded
as one of the best methods of estimating the level of dehydration in an individual [31]. The osmolality
of blood increases with dehydration and decreases with increasing hydration. A problem with this
method, however, is that it does not track body fluid changes quickly when fluid loss is below 3% of
body mass [11,21]. This implies that, for a 70 kg adult, plasma osmolality could only detect changes
in body fluid level until the water loss causes up to 2.1 kg decrease in body weight. Our technique
is sensitive to 100 mL of fluid intake or 0.1 kg change in body weight due to hydration. Similarly,
bioimpedance method tracks total body water from estimates of extracellular and intracellular fluid
volumes [32]. However, although the bioimpedance method has been validated for estimating total
body water [33], in 2007, Armstrong argued that bioelectrical impedance methods may not be accurate
when the amount of water loss is less than 800–1000 mL [31]. Our sensitivity test showed that
intrabody method could detect changes in body fluid level for as little as 100 mL of fluid intake or
water loss as observed in subject D. Our sensitivity test suggests that the sensitivity increases with
decrease in height. In addition, the magnitude of the signal attenuation from theoretical simulation
changed from −65.98 dB to −63.27 dB for τ = 80 and θ = 0.3, similar to empirical measurements
Figures 8 and 9. Our simulation results, in Figure 9, predicted a lowering of signal attenuation by
1.50 dB to as much as 1.91 dB, depending on individual anthropometric ratio and body metabolism,
when 100 mL is optimally absorbed in the arm. Our empirical measurements detected 1.31 dB on
subject D, BMI 29.83 kg/m2 and height 166 cm. Thus, the empirical measurement is evidenced
by simulation results. However, a challenge to the empirical measurements is that the majority
of the participants were uncomfortable trying to remain still during the 20 min period in the first
experiment, which was required to minimise movement artefacts and external effects. Thus, only three
subjects consented to participate in the control and sensitivity test when it was extended to 30 min of
measurements. In addition, we argue that the initial hydration state of the subjects with SPG readings
should not be the gold standard [31] for assessing human body hydration state.

6. Conclusions

In this paper, we show that galvanic coupled intrabody signal propagation can be used to measure
the rate of human body hydration with sensitivity as low as 100 mL of fluid intake or loss, and the
system is non-invasive and hygienic. Our studies with 12 male and eight female volunteers show
that the rate of hydration depended more on individual metabolic requirements, initial hydration
level, and body mass index. Hydration rates are not constant but are affected by the immediate body
physiological state and metabolic equilibrium, which, in turn, determines how long it takes to change
from one fluid state to another. To use this technique, a baseline amplitude of the signal variations
of an individual is required. This capacity makes it potentially applicable for monitoring changes in
body fluid level, targeted body fluid disorder and the response of tissues when monitored for targeted
fluid level variations. Using galvanic coupled intrabody communication means that the technology
can be integrated into existing wearable devices in a cost effective way. In the future, we will further
investigate the effects due to anthropometric parameters on the sensitivity.
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