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Abstract: Heart failure (HF) is a severe disease and one of the most important causes of death in our
society nowadays. A significant percentage of patients hospitalized for decompensation of heart
failure are readmitted after some weeks or months due to an expected bad and uncontrolled HF
evolution due to the lack of the patient supervision in real time. Herein is presented a straightforward
electric model useful for volume leg section calculus based on the bioimpedance test as a way to
assist with the acute HF patient’s supervision. The method has been developed for time-evolution
edema evaluation in patients’ corresponding legs. The data are picked up with a wearable device
specifically developed for acute heart failure patients. As an initial step, a calibration method is
proposed to extract the extracellular volume component from bioimpedance measurements done
in healthy subjects, and then applied to unhealthy ones. The intra- and extracellular resistance
components are calculated from fitted Cole—Cole model parameters derived from BI spectroscopy
measurements. Results obtained in a pilot assay, with healthy subjects and heart failure subjects,
show sensitivities in leg volume [mL/Q], with much lower values for healthy than in unhealthy
people, being an excellent biomarker to discriminate between both. Finally, circadian cycle evolution
for leg volume has been measured from the bioimpedance test as an extension of the work, enabling
an alternative parameter for the characterization of one day of human activity for any person.

Keywords: bioimpedance; circadian cycle; electric model; heart failure (HF); wearable devices

1. Introduction

Heart failure (HF) is defined as the inability of the heart to supply the peripheral
tissues with the required amount of blood and oxygen to meet their metabolic demands or
doing it by increasing the filling pressures [1]. This is a very frequent and complex clinical
syndrome that results from the malfunction of the heart [2]. The most frequently presented
symptoms (dyspnea, edema, and asthenia) are generally a result of the main feature in HF:
volume overload. The range of etiologies is wide as it is the common clinical presentation
of diseases that causes either structural or functional impairment of the cardiac pump.
Consequently, heart failure constitutes a major health problem and is even considered an
epidemic [3] as it affects over 64 million people worldwide with higher prevalence (above
10%) in the elderly [4-6]. Its incidence is heterogeneous but may change between 200 and
400 per 100.000 habitants [7]. In many developed countries, acute HF is the main cause
of hospital admission in patients over 65 years [8]. Its global prognosis is worse than that
presented by patients with breast, prostate, or bowel cancer [9], and it worsens with each
hospitalization [10].
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The natural history of this syndrome is progressive with a yearly observed decline
in quality of life by the presence of symptoms. Appropriate treatment and lifestyle allow
the patients to delay its progression and improve their functional status. Nevertheless,
patients frequently alternate periods of stability and instability. Acute HF episodes or
decompensation are defined as sudden worsening of symptoms. These can be driven
by many causes but they mainly imply volume overload [11]. Usually, the physiological
(neurohormonal and hemodynamic) changes that lead to decompensation start far before
the symptom onset and could potentially be recognizable to enhance an early management
as it is described in [12], starting from filling pressure increase, autonomic adaptation,
intrathoracic impedance changes, and weight changes, until hospitalization. In the absence
of a clear objective test to identify HF, its diagnosis and follow-up relies on the constellation
of probability, symptoms, signs, biomarkers, and image studies [13]. Many of the variables
that are being used (such as weight, the biomarker NT-proBNP, or echocardiographic find-
ings) are direct or indirectly related to volume overload, which strengthens the importance
of biomarkers to be able to screen changes in fluid balance to be useful in HE.

The early recognition of these acute HF episodes is crucial to prevent admissions,
whereas for their screening, in the usual clinical practice, clinicians do not yet count on any
objective measure other than weight and must rely solely on subjective clinical examination
(which has changed very little from the 18th century). In this regard, clinicians and patients
have been focusing on both monitoring programs and new technologies to help manage
this complex syndrome, leading to these issues becoming the trending topics in this field
of research within the last twenty years. Therefore, more than 4000 studies have been
conducted evaluating the effectiveness of very diverse telemonitoring programs. Despite
the heterogeneity in these programs and initial disagreement in the results, the most recent
studies and reviews suggest that telemonitoring is beneficial. The most relevant meta-
analyses (including randomized control trials and cohort studies), systematic reviews, and
overviews of systematic reviews have reported a 13-20% decrease in all-cause mortality, a
15-29% decrease in readmission for acute HF and a significant—yet very heterogeneous—
increase in quality of life scores. The literature is also pointing out that regardless of the
nature of the monitoring program (telephone-based, videoconference or device-mediated),
the benefits are greater in those programs with closer monitoring (on towards 24 h, 7 days
per week) [14-18]. In conclusion, the need for monitoring in HF is clear. Merging the
evidence observed in the literature and the up-to-date insight of HF pathophysiology
makes the idea of real-time monitoring become the next aim for improving the prognosis
of patients suffering from HF. However, in order to implement these programs in daily
clinical practice, we must first overcome technical, clinical, and economic limitations.

As a chronic condition with impaired cardiovascular function and abnormal hemody-
namics, in HF there usually exists an unstable equilibrium of the fluid management. Many
events (infections, toxics, arrhythmias, drugs, excessive salt or water intake ... ) can be
responsible for an acute HF decompensation [19-23]. These triggers affect the fluid balance
regulatory mechanisms, leading to hydric overload. This a progressive process that can
take days to weeks for the patient to present symptoms or for the clinician to be able to
recognize the signs of congestion. Therefore, in the search for parameters that could assess
the fluid overload in this window period, Bl has emerged as a powerful tool.

Although some validation is still required, the evidence on the application of Bl in
HF suggests that it is useful both in diagnosis and follow-up. Unfortunately, Bl is not
yet considered a tool in our daily clinical practice. The devices that have been used to
monitor Bl in the diagnosis and evolution of HF in research were mainly either implantable
(associated with pacemakers or resynchronization devices in selected patients suffering
from advanced HF) or too large to be used for continuous remote long-term monitoring.

Bio-Impedance (BI) [24] can be employed for the study and characterization of the
status of cells [25], tissues, and organs [26] due to their electrical properties (conductivity
and permittivity), being suitable indicators of biological matter physics when they are
defined as bio-markers in medical diagnosis [27-29]. Frequency spectroscopy techniques
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can be widely applied to test BI (e.g., Electrical Impedance Spectroscopy, EIS). Electrical
impedance tomography approaches can be also practical for monitoring the physiological
status [30] of patients using wearable devices, where low-power, size, and weight are
mandatory [31,32]. In addition, BI tests are non-invasive, cheap, and easy to build. In
this way, a simple, non-invasive, and very sensitive volume measurement that could help
identify high-risk HF patients is bioelectrical BI analysis. This measurement includes
bioelectrical BI vector analysis performed with a single-frequency [33] device and/or
multi-segment and multi-frequency [34] measurement equipment, which can be used to
accurately measure intracellular and extracellular water components [35].

A comprehensive recent study showed that point measurement of Bl in the leg is
inversely associated with the incidence of HF in the general population [36]. Human body
studies on acute HF diagnosis evaluated the BI of the whole body [27,35] or some parts,
conducting the test called the segmented BI test: arms, legs, and intrathoracic [37-39]
parts. These studies are based on the inverse relationship between body impedance and
volume [27,40] which allows BI systems to estimate volumes or edemas by placing elec-
trodes on the adequate [39] body part. Most of the equipment employed by doctors at
hospitals for BI tests includes complex electronic systems based on commercial compo-
nents resulting in non-portable and heavy devices: Medtronics (Optivol), RJL Systems
(Quantum/S Analyzer), or SFB7 (Impedimed). Some approaches aimed to evolve toward
portable devices [27] are not comfortable enough for continuous BI monitoring because
they employ wet electrodes placed over the chest during a one-hour test. In addition, a
partially portable Bl system for knee edema test was reported in [41]. Others perform an
impedance cardiography [42]. BI analysis was employed to calculate the edema index as the
relationship between extracellular body water and total body water [30], with a commercial
multi-frequency analyzer. In [36], the leg impedance was identified as a relevant parameter
for acute HF prediction in patients. A wearable device for short-time hydration assessment
was developed in [43]. It is based on a four-wire BI test that can measure eight frequencies
with a sensitivity of 700-mL TBW volume increments. The main question is to evaluate how
much the body volume (in our cases, the leg volume) changes with the body resistance,
knowing that both volume and bioimpedance are inversely proportional. Some calibration
methods have been proposed. In [27], the Total Body Water (TBW) was evaluated during
a period of time and represented versus the impedance measured, obtaining a sensitivity
of 700-mL TBW volume increments, but there was not an analytical approach. A method
for system calibration based on the hypothesis that the extracellular liquid in the leg is the
main cause for impedance changes is observed in subjects and is presented herein.

This work is organized as follows: Section 2, Material and Methods, describes first the
system approach and wearable device to measure the bioimpedance in the leg for edema
evaluation [44—47], including some key points such as electrode selection and wireless
communication. Then, the proposed electrical model describing the bioimpedance for a
leg section is presented and the dependence between its parameters and the bioimpedance
measurement is evaluated. A proposal for edema supervision in the leg derived from the
calculated bioimpedance parameters is introduced for medical diagnosis, together with the
design of a pilot assay. Experimental results are presented in Section 3, describing mainly
the leg volume evolution for several persons, both healthy and patients, during a week of
observation. The model’s parameters extracted from the bioimpedance test are presented
and employed for edema calculus. The results obtained for healthy and acute HF subjects
are described, validating the volume changes in body due to extracellular liquid increments.
An extension of ten days’ real-time test was applied to a healthy subject to evaluate the
one-day volume evolution, or circadian rhythm, as a potential biomarker useful for the
characterization of healthy and unhealthy status of a person under clinical evaluation.

2. Material and Methods

This section describes the structural components employed for the sensor, its most
relevant specifications, and the proposed electric model used for bioimpedance description
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of the leg tissue that will lead us to ankle volume characterization. The procedure for
volume calculus will be described starting from the BI data test on the leg and considering
the procedure defined below.

2.1. Wearable Bioimpedance System

Wearable Devices (WD) for humans in a biomedical engineering environment are
designed to test some kind of vital signals (blood pressure, heart rate, heart electrical
activity, weight, etc.) or biomarkers (blood glucose, electrolytes in sweat, etc.) directly
on the human body, and essentially in real time. It is for this objective that WD must
be comfortable and autonomous for patients. A comfortable WD means that the device
must be easy to carry on the body, and the patient will not damage it when it is used
during several hours and days. Wearable devices can be considered, in some aspects, as
biocompatible in a broad sense. Small size and low weight [27] should be mandatory to
avoid discomfort to patients, but for a long-time WD test, electrodes must be adequately
selected to minimize any skin damage [48] and to reduce motion artifacts [28]. The manner
utilized to place the WD in contact with the body can be an important issue. Directly
integrating the textile electrodes in some clothing for babies [49] and a sport T-shirt [50] is
an excellent example of how electrodes can be perfectly integrated into the WD system in a
beneficial manner. However, for long-term applications, textile electrodes can incorporate
dust and impurities; therefore, metallic electrodes are better [51]. Alternative setups for
WD can be found such as specific gloves, wristband [52], anklet [41], or any other kind
of clothing specifically designed for such an application, such as that reported in [53] for
bladder control, or a belt placed on the chest [51] for EIT, or placed on the leg [41].

The proposed system herein for the test is based on the circuits developed in the
VOLUM project [44]. This project works towards the development of a wearable device
for real-time monitoring of acute heart failure patients. The system in Figure 1a shows the
electronic circuits, and ankle support with electrodes is shown in Figure 1b. The target of
the system is to be wirelessly connected to the patient’s smartphone, to be continuously
supervised by the medical team. The main component for the bioimpedance test circuit is
the AD5941 from the Analog Devices chip. This component is employed in the four-wires
electrode setup proposed with reduced circuitry and allows frequency spectrometry until
200 kHz. Circuits for control position (BNOO055) and task control to be done (nRF52832)
are also included. The last one is responsible for firmware and to implement the Bluetooth
communication. Details for the full device will be found in future technical reports and
references. A four-wires setup is employed for Bl test along the leg, the distance between
electrodes being constant: 3.5 cm width (w) and 6 cm height (h), as it is illustrated in Figure 2.
The AD5941 injects current between electrodes 1 and 4, being the voltage response due to
the leg impedance measured on electrodes 2 and 3, thanks to the high-input impedance
differential voltage amplifier. Spectrometry measurements are done in the range from
1 kHz to 200 kHz.

mm 000.0S

(b)

Figure 1. General overview VOLUM system: (a) Proposed circuits. (b) Ankle support with electrodes.
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r leg

Figure 2. Leg geometry: A cylinder with r_leg radius and h height. r_leg =4 cm. The h = 6 cm

and w = 3.5 cm dimensions are the values between electrodes considered in the system, and for
calibration.

2.2. The Electrode Selection

For electronic engineering, electric current consists commonly of a flow of free electrons
in a conductive metal under the influence of an applied electric field. In contrast, in the
human body, current is sustained by the transport of ions (mainly Na*, C1~, and K*)
along the intracellular and/or extracellular medium that occurs due to changes in their
concentration. Electrodes are the interfaces responsible for converting electric current
from a conductive metal (electron flow) to the interior of the human body (ion transport)
by means of redox chemical reactions. The Ag/AgCl electrode is commonly used in
medical devices, especially for external ECG, because it is stable and non-polarizable
(current passes freely through the electrode-electrolyte interface). This type of electrode
is adhesive and also has a gel that improves the conductivity on contact with the skin,
being the most popular electrode in local time clinical applications. However, after a
few hours of continuous use, Ag/AgCl electrodes deteriorate, generating errors artifacts
leading to measurement errors, also causing skin irritation. Therefore, for a wearable device
intended to monitor the patient’s condition over time, it is advisable to use a long-lasting
dry electrode. In this context, electrodes made of stainless steel have been reported to work
well for bioimpedance spectroscopy [54].

Despite the large number of publications that report the use of electrodes for bioimpedance
measurements, there is still a gap in the standardization of the electrodes required to
measure bioelectrical parameters in vivo [55,56]. Guidelines from the NIH Technology
Assessment Conference on Bioelectrical Impedance Analysis [57], among others, only
address the size of the electrodes and separation between them, but other characteristics of
the contact electrodes, such as fabrication materials, are not fully addressed [56]. A number
of physical properties are important in the election of the type of electrode. Among them,
we can mention: biocompatibility, which requires the use of specific materials, and the
avoidance of allergic reactions is a basic requirement in the selection of electrodes. Mainly
used materials are gold, silver, stainless steel, or carbon rubber (for flexible electrodes);
stability, because the measurement made with the selected electrode needs to be stable in
time, and repeatable with similar electrodes. Different variability problems can be found
in [55]; and accuracy, low electrode-skin impedance can be necessary in order to improve
signal-to-noise ratios picked up by instrumentation amplifiers used for voltage signal
captured on differential electrodes setups.

The avoidance of these systemic errors is especially important when these measure-
ments are used for clinical interpretations [56]. This can be one of the main reasons why the
different studies and prototypes are not being commercially used in clinical practice. Also,
wet electrodes cannot be used in many different practical applications when a truly 24 h
wearable device is necessary, so dry electrodes are also being researched for this purpose.

Dry electrodes are gel-free and, technically, are the best candidates for commercial
wearable devices. However, the signal-to-noise ratio is worse due to their high impedance,
in relation with the capacitive impedance produced by the electrode and the dermis inter-
face. Generally, these electrodes must be used together with a very high-input impedance



Electronics 2023, 12, 1383

6 of 19

amplifier with the function of minimizing the influence of electrode-high impedance. An-
other disadvantage of dry electrodes is the difficulty of keeping a good contact with the
dermis in the absence of gel [58]. Despite textile electrodes being currently researched for
their use in wearable medical devices, their integration and performance for the electrical
bioimpedance test have not been thoroughly investigated. In [59], the influence of the textile
electrodes on the measurements and on the estimation of the Cole-Cole model and body
composition parameters was addressed. Good results were obtained with the use of textile
electrodes in complex spectral measurements and in the calculation of body composition
parameters. However, other works [60] suggest that this type of textile electrodes is not
suitable for the long-term monitoring of electrical bioimpedance in wearable devices, due
to its deterioration with prolonged use. Finally, the use of flexible electronics is recently
attracting more attention, with the appearance of different technologies being used in
wearable devices in healthcare. Different patents [61,62] propose the use of strain sensors
(based on the piezoelectric effect) for the estimation of the volume in chronic patients.

An example of using different electrodes for the BI test can be seen in Figure 3b, where
Ag/Ag(Cl], stainless, and textile electrodes were employed for measuring the impedance in
the leg with an ankle in Figure 3a. The setup and circuits employed are the same, but the
Wessel diagram obtained in the 1 to 100 kHz frequency range is different because of the
electrical response of each electrode. Stainless electrodes were selected in this work for a
long-time test (from hours until several weeks and months).

Sujeto 1. Montaje cruzado

Parte Imaginaria (chmios)
&

Re(2) [Q]

(b)

Figure 3. Setup and circuits used for ankle leg test (a). Wessel diagram for a Bl spectroscopy in leg
using Ag/AgCl electrodes, stainless electrodes, and textile electrodes (b).

2.3. The Wireless Communication

Remote sensing for medical devices requires a reliable communication link to allow
information gathering and system control regardless of the sensor position and patient’s
location. Continuous medical monitoring of patients complies with a specific application
within the Internet of Things (IoT) paradigm [63]. IoT Architecture would present one or
several sensing devices, a gateway, and a set of services provided. There are two potential
scenarios arising from the medical domain; either the patient is located within the hospital
facilities, or the patient is to be monitored at home during his/her usual day. In the first
scenario and recalling the IoT paradigm, a gateway device could be placed in the patient’s
hospitalization room. Assuming the second scenario, a similar device shall be placed
in the patient’s home, but of course it will not allow for communication if the patient
leaves the house for prolonged periods of time. Furthermore, assuming the patient owns
a smartphone device, it can serve as a gateway in many situations if the sensing device
wireless communication follows a standard technology such as Bluetooth [64,65].

Biological Impedance spectroscopy measurements are formed by a set of impedance
values (real and imaginary part) mapped to many different frequency values. A single
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measure of impedance every few minutes would produce a packet of binary data repre-
senting those impedance values, assuming each impedance (real and imaginary) is stored
in floating point format (FP32); a single measurement could be stored in 8 bytes. Hence, 10
frequency points would require 80 bytes. Even increasing the data amount by one order
of magnitude would keep total data per complete acquisition below 1 kB information.
Data generation rate of the sensor also depends on the acquisition period. The body fluids
modification in the body requires some inertia to change, especially the accumulation
produced by heart failure conditions. This body fluids evolution behavior would allow us
to assume that a reasonable rate of acquisition could be in the range of hours rather than in
the range of minutes or seconds.

Major design constraints and parameters to be analyzed regarding wireless commu-
nication capacity are the power consumption of the wireless transmission and the rate at
which information must flow out of the sensor towards the gateway device. Both can be
improved in terms of energy efficiency. An option to improve this magnitude would be
application of adequate measurement protocols, such as fine-tuning or even adapting the
acquisition period for the patients’ needs either derived from specific clinical information or
from the measurement analysis itself. A second consideration is the transmission windows;
a set of measurements stored in a temporary location in the sensor device can greatly di-
minish the electrical power consumption of the wireless transmission block, since it is used
less often. Finally, data information acquired (particularly if it consists of several measures)
can benefit from applying data compression techniques before sending the information
through the wireless link. There are a variety of options available for wearable devices to
connect to the gateway device ranging from custom ASIC design [66] with ultra-low power
consumption specifications to a fully conformed IP stack employing a WiFi-compatible
chip which would provide the TCP/IP protocol, thus enabling the device to directly contact
the higher-level communication services (DDBB, API Rest Endpoints). This huge range of
options has a trade-off which mostly involves electrical power consumption and circuit
design as well as development time and difficulty. Several studies compare power effi-
ciency and performance of many different wireless communication technologies [27,67]
by analyzing commercially available devices. From those studies, Bluetooth Low Energy
and its successor Bluetooth 5 stand out due to their results. Furthermore, for sleep-cycled
IoT wearable devices, which acquire and measure medical parameters continuously, the
period and the sleep/acquisition protocol is of the greatest importance to fine-tune the
medical sensor battery autonomy regarding the power consumption spent on transmitting
information. The IoT paradigm defines three major actors: a sensing device, a gateway
which would be the smartphone through text messaging, and a service layer which includes
all the information storage, processing, and visualization tools, typically provided by a
computer server system. T-proposed architecture is presented in the following Figure 4.
A medical device is connected through Bluetooth technology to the smartphone and the
smartphone can reach the server by establishing a TCP/IP connection, accessing all services
(data analysis and the database). Additionally, server, smartphone, or both can provide
the User Interface (UI) application for both the patient and the clinical personnel which is
responsible for the data acquisition (if any).

The implementation of such a system is not exempt from a certain amount of com-
plexity. There are many technologies involved, as well as the physical device, electronics,
computer programming, smartphone application development, database definition, and
data analysis. The contribution of each of the parts to the global performance is quite
relevant. Most of the wireless communication logic for the device is embedded in the
physical electronic system which is sensing, or in the firmware of the microcontroller which
manages the sensor; this represents half the communication link. On the other hand, a
commercial device which may (or may not be) prepared to act as an IoT gateway is present.
This design has some risks, and in particular the inclusion of the smartphone should
consider potential dangers that may arise because of a smartphone not being a device
specifically designed for acting as a continuous monitoring gateway. The most important
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risks identified are: (1) the smartphone devices may have different priorities for their
functionalities, such as battery optimization procedures which may interact with a custom
application designed to continuously gather data (whenever available). (2) Even though
all are based on similar technologies, the Bluetooth antenna may differ in performance
and effective data throughput achieved. This is critical if the amount of information to be
transferred is high.

Patient Ul
Smartphone |------ GB ~~~~~~~ I\S/Iedlcal
ensor
ul TCF?’ /1P
H Data
Server — ]
Medical Analysis
provider Ul
Database

Figure 4. Block diagram for the Wireless Communication via Bluetooth (Device/Smartphone) and
TCP/IP (Smartphone/Server).

Mitigation of these risks can be a crucial step involving extensive testing of devices to
check for design compliance with the medical device measurement protocol. Reliability
and performance should be assessed in a wide range of different devices if the device
is to be released to the general public (due to the vast amount of different commercially
available smartphones).

2.4. Bioimpedance Model

A cylinder is proposed as the geometrical model for the leg to analyze its impedance.
This is a very simplified model but allows a first-order approach for volume evaluation.
The expected response impedance is due to the structural components of tissue in the legs:
skin, fiber, muscle, fat, bone, etc. The most accepted electric model for impedance of the
tissue is the designated Cole-Cole model [45,46], represented by the following equation:

R _0— R_inf

Z(w) = R_inf+ 11 jwr)®

@
where Z(()) is the measure impedance in a tissue at the frequency Q2 = 2nf. Four parameters
are involved in the model: R_inf: the resistance at infinity or very high frequency, R_0:
the resistance at zero frequency or DC, 7: is the time constant that includes the capacitive
effects due to cellular membranes, and «: the phase constant parameters that inform about
the fractional performance for tissue capacitance observed. The Cole-Cole model has a
frequency performance that allows a parametric and an easy graphical view thanks to
Wessel diagram: —Im(Z) versus Re(Z) parts, as shown in Figure 5.

The particular shape and impedance values associated with every Wessel diagram for
bioimpedance will depend on the selected tissue, the section geometry of the tissue under
test, and the electrode placement r region to be measured by the electrode setup selected.
Alternatively, the tissue impedance can also be considered as contributing the extracellular
and intracellular structural components. This reflects that every body segment volume is
the sum of both, being the extracellular contribution due to extracellular fluids, mainly
water. It is accepted that the contribution of extracellular fluids to Total Body Volume (TBV)
is around 37.5%. This value has anthropomorphic details or specifications with the age and
sex but can be considered as a realistic value. Figure 6 represents a valid electric model
for a tissue, considering the extra- and intracellular components: Rey is the extracellular
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resistance, R;, is the intracellular resistance, and Ry, and Cy, are the membrane resistance
and capacitance, respectively, that represent the interface between inside-outside the cells.
The resistance along the DC current path (or at low frequency conditions) is due to the
extracellular medium, Rex, while, at very high frequency, the cell “opens” its membrane,
Rjn being the main contribution to intracellular resistance. In this case, the resistance seen
for the tissue is the parallel of Rex and Rjp.

10

—»— Cole model
AD5941 frequency points
8
S e //( - \\
3 )2/‘ /\ \\\/
= X
© ?
5 a4 X . X
© p Frequency increases L
&J }g( in this direction X
T <— 200 kHz )S‘
2 1KHz —> %
<« 1 MHz "9\
0 1Hz —>
30 35 40 45 50

Resistance (Q)

Figure 5. Wessel diagram of calf Bl and the frequency points used by the BI sensor (AD5941). The
Cole-Cole model values used are Rex = 50 ), R, =75 ), and C, = 100 nE.

2R, C./2

Rin

Figure 6. Tissue model based on intra- and extracellular parts as structural components. Performance
when frequency approach to DC conditions.

2.5. Pilot Test Design

A preliminary pilot test was performed to validate the VOLUM device in several
persons. There were selected four healthy people (S1, S2, S3, S4) and two more unhealthy
people (S5, S6). Measurement tests were done in a week, from Monday to Friday, twice in a
day: morning (8:00 h) and evening (20:00 h). In total, there were ten test points for each
subject. The legend in this work for test points is: MM: Monday Morning; ME: Monday
Evening; TM: Thursday Morning; TE: Thursday Evening; WM: Wednesday Morning; WE:
Wednesday Evening; TuM: Tuesday Morning; TuE: Tuesday Evening; FM: Friday Morning;
FE: Friday Evening. Test results presented in the following were taken with standing
subjects. Measurements with subjects lying down and seated were also tested.

2.6. Leg Volume Calculus Procedure

The proposed volume calculus procedure is based on the relationship between the
Cole-Cole model and the intra- and extracellular resistive components represented in
Equation (1) and Figure 7, and is the principle of the proposed calibration approach.
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For system calibration, we employ an initial test point (MM) for a healthy subject (S3),
considering the following conditions:

e  The total volume contained inside the leg ankle considered is V. From geometrical
view in Figure 2, a standard r_leg value can be considered for Vt calculation. It was
chosen to be 4 cm for the first evaluation. A height value of 6 cm is set. This volume is
the contribution of the extracellular (Vex) and intracellular (V;,) contributions,

VT = Vex + Vin (2)

e  When low frequencies (frequency approach to zero) are considered, the equivalent
resistance of the volume under test in the leg is given by Rex. This is because all current
lines of electric field travel through the extracellular liquid between electrodes 2 and
3, and none through intracellular paths due to the high impedance of cell membrane
resistances and capacitances (Rm, Cm).

e  Extracellular fluid is considered to be 1/3 of total body fluid in the human body. It can
be considered a good approach that 37.5% of the volume in the human body is due to
extracellular fluids.

e  The calibration system is based on a basic cylinder of r_leg = 4 cm, and h = 6 cm. This
volume contains an extracellular volume, Ve, due to extracellular liquids, mainly
composed by water, and an intracellular volume, Vj,, due to tissues and intracellular
liquids. Our approach considers that increments in Vt are due to increments in Vey, as
a consequence of liquid accumulation, maintaining constant the Vi, contribution. For
this case: V1 = 301.10 mL, and V;, = 188.44 mL for the calibration.

e Itis considered the dependence between resistance and volume given by:

Rex = k/Vex 3)

where k is a constant that includes the conductivity parameter (o) and the geometry
factors [40]. The values of the extracellular volume due to fluids’ (water) variations
can be estimated by knowing the extracellular resistance. This can be considered a
relationship between Rex and Ve for low frequency conditions, being Vi, constant in
these cases.

e  The Rex and Ry, resistances can be calculated from the Cole—Cole parameters as:

Rex=R_0 4)

Rin | | Rex = R_inf (5)

Monday Morning Monday Morning

Iz ‘ Im(Z)
Q] . Q]

Re(Z) [Q] Re(Z) [Q]

(a) (b)

Figure 7. (a) Cole-Cole diagram for S3, at MM test point. (b) Cole-Cole diagram for S5, at MM test
point.
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These considerations allow us to know an approximated value of the leg volume
under test and its corresponding part due to extracellular fluids. In this way, calibration
using a test point can be done to further evaluate extracellular volume and leg radius
changes. This initial test point for calibration will be considered for a healthy person, with
the calibration data guided by the approach related before. Other values for r_leg and test
points and subjects can be considered from the beginning, but the final objective is to have
a constant reference: the calibration volume related with a test point of a healthy subject for
calibration constant calculation (k).

3. Results

To test the proposed method in Section 2.6, measurements of bioimpedance were done
in two groups of study: healthy subjects (controls) and patients with acute decompensation
of preserved ejection fraction heart failure (hereinafter referred to as HF patients). Four
controls and two HF patients were tested during a week. Baseline characteristics of each
group are depicted in Table 1. Measurements were obtained twice a day (morning and
evening). The bioimpedance was tested in leg patients with the VOLUM prototype, ob-
taining magnitude and phase (real and imaginary) components in the 1 kHz to 200 kHz
frequency range. The data were processed to obtain first the Cole-Cole parameters as-
sociated with each measurement: R_0, R_inf, T, and «. Figure 8a represents the Wessell
diagram corresponding to measurements of the S3-MM. Similar evolution was found in the
others’ time tests for healthy people. When testing HF patients, the Wessel diagram changes
its shape as a consequence of water increments in the leg being quite abrupt, confirming
the high dependence with water composition in the leg for S5-LM in Figure 8b. It can be
observed that arc shape is maintained for healthy persons, while in HF patients, a large
slope is caused by the liquids’ excess, which is mainly water.

Table 1. Baseline characteristics of groups in the study.

Variable Controls HF Patients

Subjects 4 2

Mean age (years) 60 79.50

Male 2 2

Mean weight (kg) 73.5 89.90

Mean height (m) 1.68 1.73

Mean heart rate (bpm) 70.95 70.60

Mean systolic blood pressure (mmHg)  118.98 135.40

Mean diastolic blood pressure (mmHg)  65.93 66.45

Mean diuresis (mL) 1572.75 1627.80

Mean temperature (°C) 36.27 36.23

Mean oxygen saturation (%) 97.30 93.00

Mean hemoglobin (g/dL) 14.05 10.15

Mean creatinine (mg/dL) 0.92 1.36

Mean urea (mg/dL) 315 54.00

Mean sodium (mEq/L) 142.5 134.00

Mean NT-proBNP (pg/mL) 131.1 2143.00
B18.2; E11.8; E66; E78.5; 108.3;

Comorbid pathologies (ICD-10) N/A 110; I11.0; 125.9; 148.2; 150.3;
J44.9; K74.6; N18.3

NT-proBNP: N-terminal prohormone of brain natriuretic peptide; ICD-10: 10th revision of the International
Statistical Classification of Diseases and Related Health Problems.

The results in Figure 7 are processed to obtain the Cole—Cole model parameters. This
was done using matlab and the fitting function: fitnlm(Tbl, modelfunZ, beta0). These
parameters can change from day to day, depending on the BI answer obtained from the
legs. The calibration procedure was applied first to healthy subjects, and then HF patients
were evaluated.
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Figure 8. Volume estimated for healthy subjects versus test point.
3.1. Healthy Patients
Table 2 represents the Cole-Cole parameters R_0 and R_inf obtained for S1 to 54 along
the week. It can be seen how changes are observed from day to day, and from morning to
evening, as a consequence of the circadian rhythm resulting from the metabolism activity.
In some cases (na), the calculus was not possible for the corresponding parameter. From
Table 2, the Rex and Rj, values are calculated using Equations (4) and (5) in Table 3. Our
approach associated the Rex value with the extracellular liquids. In particular, we suppose
that extracellular liquids (Vex) in the leg are inversely proportional to Rex, as shown in
Equation (3). Considering the S3 MM test point, the value of the calibration constant
is k = 6776.87 mL-Q). This will always be employed in V¢ calculus, with the Vj, value
calculated before. The not available (na) data in tables come from artifacts in the test, and
also from the impossibility of fitting the Cole-Cole model in Equation (1) to raw data.
Table 2. Cole—Cole parameter R_0 and R_inf for S1 to S4.
R 0[] R_inf [O]
Test Point
et rom s1 s2 s3 s4 s1 s2 s3 s4
MM 55.6 32.1 58.4 43.9 41.2 24.4 52.1 30.8
ME 51.1 30.0 43.1 56.0 24.5 24.7 37.8 39.3
™ 65.3 46.7 45.3 44.1 47.7 34.1 38.8 32.8
TE 43.6 na 75.3 351.4 25.5 na 59.9 49.1
WM 53.6 38.0 66.9 61.9 41.4 28.5 55.3 414
WE 53.3 37.7 56.3 51.8 4.1 27.7 49.2 36.6
TuM 45.9 56.5 49.1 61.2 33.0 39.2 41.2 40.1
TuE 37.2 na 64.7 63.9 324 na 44.2 42.1
FM 47.7 21.7 82.3 57.1 34.7 34.0 62.8 39.0
FE 4260.5 37.6 57.9 802.5 45.0 27.7 49.3 56.4
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Table 3. Cole—Cole Rex and R;, for S1 to S4.

Rex [Q] Rin [Q]
Test Point
et rom s1 s2 s3 S4 s1 s2 s3 S4
MM 55.6 32.1 58.4 43.8 159.9 102.3 477.7 —122.8
ME 51.2 30,0 43.1 55.7 47.2 139.5 305.2 159.9
™ 65.4 46.7 45.3 48.8 176.3 126.1 270.2 128.7
TE 43.6 na 75.3 254.2 61.8 na 293.4 45.2
WM 53.6 38.0 66.9 61.4 180.6 113.7 319.9 161.4
WE 53.3 37.7 56.3 51.7 4.4 104.5 392.2 149.3
TuM 45.9 56.5 49.1 61.9 117.6 127.9 256.1 144.5
TuE 37.2 na 64.7 63.3 249.6 na 140.2 154.9
FM 47.7 21.7 82.3 56.6 127.0 —60.0 265.4 166.3
FE 4260.5 37.6 57.9 320.8 45.5 104.8 331.0 44.6
Figure 8a—d shows the volume evolution along the week for healthy subjects. Also,
total volume, V1, versus Rex (R_0) is shown in Figure 9, giving sensitivity values that
express how many milliliters change the leg volume for every ohm of change in Rex
resistance measure. For each subject, the volume to the extracellular resistance ratio can be
calculated for the corresponding curves. The slopes obtained are in the range of [-1.94,
—5.20] mL/ ). These values are representative for each person, but are quoted for all of
them. Also, an estimation of the leg radius evolution in time can be easily derived from
volume values, if required.
550 Total Volume [ml] vs R, [€] S1 550 Total Volume [ml] vs R, [Q] S2
500 Y
450 450 [ Tten
400 v =-2.7519x + 464.74 ®g-..... y=-5.2051x +577.9
... ..
350 Beg 350 |
o oo ..,
300 O e S A I A A B e
250 250
30 40 50 60 70 15 35 45 55
(@) (b)
550 Total Volume [ml] vs R, [2] S3 550 Total Volume [ml] vs R, [Q] S4
450 450 y=-2.3721x+444.01
y =-1.9477x +422.19
350 | ea.., 350 ... °
IR gL o.....n R LSRN
250 - 250
40 50 60 70 80 40 45 50 55 60 65 70
(©) (d)

Figure 9. Volume estimation versus extracellular resistance Rex (R_0) for healthy persons.

3.2. Heart Failure Patients

The same calibration process has been done for two HF patients. In this case, the Wessel
diagram shows a more shaped dependence, sometimes being complex in its mathematical
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Volume [ml]

Total Volume [ml] vs R, [©2] S5

fit. The volume estimation obtained is displayed in Figure 10. The increment from healthy
persons can be appreciated in Figure 8. Also, the sensitivities obtained in Figure 11 are
larger at —41.47 mL/Q) and —122.44 mL/(), respectively, than that calculated for healthy
persons.

Total Volume [ml] vs R, [Q2] S6
2000

1500
1000
500

0
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2200
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1200
700
200

Total Volume [ml] vs R, [€2] S5

cee
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Figure 10. Volume estimated for all subjects versus test point (unhealthy).
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Figure 11. Total volume estimation versus extracellular resistance, Rex (R_0) for unhealthy persons.

3.3. Continuous Time Test

The first prototype is being improved in a second version to be fully wireless and
wearable. With this prototype, parallel bioimpedance measurements were done and
prolonged for a continuous time along ten days. Measurements were done every 15 min
for the subject being tested and picked up to a web database for processing and monitoring.
The first test that was done in a healthy patient provides his/her Rex time evolution, and
the total volume associated with the procedure is explained before for the volume calculus.
Figure 12 shows the extracellular resistance obtained during the experiment. It must be
considered that sometimes, the measurements cannot be correctly done due to the normal
activity of the subject, or due to some kind of artifact (position, movement, knock, etc.). The
volume information is summarized in Figure 13, where the circadian rhythm of the total
volume (V) is represented, considering the instantaneous, mean, and standard deviation
values of volume for the same instant in a day. It can be appreciated how there are two
significant regions: a charging region, from 6 to 14 h approximately, and a discharging
region, which starts at 14 h and is prolonged until 6 h on the next day.
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Figure 12. Extracellular resistance (Rex) values obtained along ten days, for a healthy subject.
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Figure 13. Medium and deviation of volume estimated, versus time along the 24 h in a day: circadian
rhythm.

4. Discussion and Conclusions

The main goal in this paper is to collaborate towards the real-time monitoring and
supervision that technicians want to perform on acute HF patients, once they leave the
hospital after a stroke episode. Indeed, there is no way to implement this task, as it is
only possible to make periodic medical revisions and tests at hospitals. The wearable
device described in this paper allows this objective by introducing the Bio-Impedance
test as a biomarker that enables the measurement of the water accumulated on the chest
and legs as an excellent test for HF patients with healthy or unhealthy status. The main
contribution of this paper is the proposal of a new procedure for system calibration that
allows us to convert the impedance values measured to volume estimation for patients,
which answers the main question proposed by technicians: is the leg volume of the patient
constant, decreasing, or increasing?

Up until today, most of the works presented for volume estimation in acute HF
patients are focused on measuring the liquids variation at the lungs’ zone, but very few
references for leg volume estimation have been proposed. Perhaps, the total water excess
is big in the case of the chest, but its measurement using a wearable device is more
difficult and uncomfortable. In 27, the accumulated water in the chest was characterized
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versus the impedance using a four-wires system, including an ASIC (Application Specific
Integrated Circuit). Sensitivity curves were obtained (volume versus impedance in the
chest) using 50, 100, and 150 kHz frequencies, with few patients, along with trying to
evaluate the Total Water (TW: intra- and extracellular water). In this case, high frequency
was used for testing, under the hypothesis that in this test, all the water can be measured
(intra- and extra vascular components) in the body. In our approach, we consider that
water excess is accumulated outside the cells and tissues, so a low frequency test seems
to be the most relevant approach. From the calibration process, in 27 were obtained
sensitivities from 250 mL/Q) to 2000 mL/(Q} in the chest, using the volume measured
externally by other medical procedure. These values are larger than obtained by us (41 to
122 mL/Q)) at the legs, done for a lower frequency (DC), by proposing a procedure for the
calculus of the extracellular volume in an ankle that does not need an alternative volume
or medical test. These values are not fully comparable because of the different setups and
the body zone involved. The medical team points out that water accumulation is produced
mainly at the extracellular region, outside the cells and tissues, with low frequencies being
better for detection changes in acute HF patients. A portable device for ankle edema
detection is described in 39 which looks for extracellular and intracellular water change
characterizations by defining the ratio between 100 and 5 kHz impedances, as a way to
obtain a figure of merit to describe the full frequency response. Results are promising,
detecting edema changes, and needing more experimental tests and validation, mainly
real-time observations of unhealthy patients and a quantitative estimation for the sensitivity
changes. In [43] a wearable device is proposed for human body hydration assessment
based on BI which proposes the measure of TBW placing electrodes between both forearms.
The results delivered show measurements done for all frequency ranges (8 to 160 kHz) in
discrete test points, with a sensitivity of 700 mL/() when calibrated with hydration values
from the medical test. The authors suggest an improvement of the device’s ambulatory
reliability and the performance of a daily test. Other works look for TBW estimation,
employing large and hard equipment, which is not valid for the continuous monitoring of
patients using a wearable approach proposed in this work, such as the original references
from Hoffer in [40].

In conclusion, this work presents an alternative method for calibration Biolmpedance
Spectroscopy (BIS) measurements obtained in the legs that allows the volume estimation.
The convenience and feasibility of the bioimpedance test has been justified based on
wearable devices for real-time supervision of acute heart failure patients as a useful method
to control their evolution when there is not any practical alternative option for physicians.
The procedure is based on the hypothesis that extracellular fluid is mainly responsible for
volume increments in HF persons, which agrees with most of the authors in the field. It was
experimentally demonstrated that the bioimpedance is directly related with the volume
in the leg for both healthy and heart failure subjects. It was verified that our calibration
method allows the identification of volume changes with impedance measurements thanks
to the extracellular resistance derived from the Cole—Cole model, enabling a way for future
real-time monitoring with wearable devices for HF patients. Sensitivities obtained for
healthy patients are lower than the corresponding sensitivities of unhealthy ones, in a
factor of 20-30 times, being a useful marker to identify poor evolution from a healthy
starting point. The calibration method based on low frequency impedance values extracted
from the Cole—Cole model should be confirmed, because it is based on the hypothesis that
intracellular volume in legs is nearly constant. A more exhaustive clinical evaluation must
be done for full validation in HF patients, in particular, those who make a daily life after an
acute HF episode. This will allow us to prevent a possible infarct by monitoring its volume
evolution over time. Circadian volume at the ankle tested has also been reported for healthy
people, showing the one-day time evolution derived from natural body activity. This last
point represents the target for the present work as a method for real-time supervision of
patients by the medical team, in which the low-power consumption, continuous control
position, and reliable wireless connectivity will be the main technological challenges.
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