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Fluid overload is a chronic medical condition that affects over six million Americans with
conditions such as congestive heart failure, end-stage renal disease, and lymphedema.
Remote management of fluid overload continues to be a leading clinical challenge.
Bioimpedance is one technique that can be used to estimate the hydration of tissue
and track it over time. However, commercially available bioimpedance measurement
systems are bulky, expensive, and rely on Ag/AgCl electrodes that dry out and can irritate
the skin. The use of bioimpedance today is therefore limited to clinical and research
settings, with measurements performed at daily intervals or over short periods of time
rather than continuously and long-term. This paper proposes using wearable calf
bioimpedance measurements integrated into a compression sock for long-term fluid
overload management. A PCB was developed using standard measurement techniques
that measures the calf bioimpedance using a custom analog front-end built around an
AD8302 gain-phase detection chip. Data is transmitted wirelessly via Bluetooth Low
Energy to an iOS device using a custom iOS app. Bioimpedance data were collected both
from the wearable system and a commercial measurement system (ImpediMed SFB7)
using RRC networks, Ag/AgCl electrodes, and the textile compression sock.
Bioimpedance data collected from the wearable system showed close agreement with
data from the SFB7 when using RRC networks and in five healthy human subjects with Ag/
AgCl electrodes. However, when using the textile compression sock the wearable system
had worse precision than the SFB7 (4% run to run compared to < 1% run to run) and there
were larger differences between the two systems than when using the RRC networks and
the Ag/AgCl electrodes. Wearable system precision and agreement with the SFB7 was
improved by pressure or light wetting of the current electrodes on the sock. Future
research should focus on reliable elimination of low-frequency artifacts in research grade
hardware to enable long-term calf bioimpedance measurements for fluid overload
management.
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1 INTRODUCTION

Millions of Americans suffer from chronic fluid overload
(Adamson, 2009; Zoccali et al., 2017; Schwaiger et al., 2020),
costing the US healthcare system more than $30 billion in 2012
(Virani et al., 2021). Fluid overload is characterized by an excess
expansion of the extra-cellular space (Sergi et al., 2004; Abbas
et al., 2015). Symptoms of fluid overload include swelling (edema)
in the extremities, lungs and abdomen, high blood pressure, and
shortness of breath. Chronic fluid overload can occur due to
conditions such as congestive heart failure (CHF), cirrhosis and
end-stage renal disease (ESRD). Despite affecting over six million
Americans, managing patient fluid status remains a clinical
challenge today (Lukaski et al., 2019; La Franca et al., 2020;
Virani et al., 2021). The lack of home monitoring solutions
prevents physicians, patients, and caregivers from “closing the
loop” and preventing adverse outcomes and hospitalizations.
There is a need for a reliable, affordable, and clinically
relevant home fluid status monitoring system that can readily
integrate into patients’ daily lives.

The standard of care for home fluid status monitoring is the
weight scale. However, weight monitoring has low levels of
patient compliance and low specificity in predicting
decompensation in CHF patients (Adamson, 2009; Abraham
et al., 2011b). Implantable pressure monitors, such as the
CardioMEMS HF system, measure heart filling pressures,
which are the first measurable physiological markers to fluid
overload that originates in the intravascular space (Adamson,
2009; Abraham et al., 2011a; Troughton et al., 2011). However,
these monitoring systems require a costly, invasive implantation
procedure and manual interrogation of the device to collect data.
Systems for fluid status monitoring also exist for monitoring
patients during hemodialysis such as the commercially available
Crit-line hematocrit monitor or experimental methods using
bioimpedance (Zhu et al., 2008a; Beckmann et al., 2009;
Medrano et al., 2010; Montgomery et al., 2013; Abbas et al., 2015).

An advantage of bioimpedance based techniques is that they are
non-invasive and lower cost than implantable devices (Khalil et al.,
2014; Grimnes and Martinsen, 2015). However, there are important
clinical and technical challenges that need to be addressed for
bioimpedance to be used successfully in home environments.
Bioimpedance is an indirect estimate of fluid status, and these
estimates need to be accurate, precise, and with a known
relationship to the patient’s overall fluid status. Previous research
has shown that measuring calf bioimpedance can help manage
patients on hemodialysis in a clinical setting (Zhu et al., 2008a,b).
Developing accurate and precise devices for home use would allow
evaluation of whether bioimpedance can be used to predict
developing fluid overload, rather than fluid reduction as in
hemodialysis. This paper will focus on the technical challenges to
obtaining accurate, precise, and reliable bioimpedancemeasurements
using textile electrodes for long term measurements, which can then
in turn be used to evaluate whether these estimates can provide
actionable information for fluid overload management.

Bioimpedance measures the electrical properties of tissue by
driving a small current through the body and sensing the
resulting voltage. The bioimpedance can in turn be used to

indirectly estimate the fluid volumes in the measured body
segment(s). Several factors influence the accuracy and
consistency of bioimpedance measurements, including the
measurement circuitry, the type and placement of electrodes,
and other factors such as skin temperature, posture, and motion
artifacts (Kyle et al., 2004). While measurement circuitry can be
calibrated using known impedances such as resistor-capacitor
networks that can reduce or eliminate artifacts due to e.g., cables
(Yang et al., 2006), factors such as electrode type and placement
and patient factors are more challenging to address. In clinical
settings, standards have been developed to help ensure consistent
results, such as electrode placement in reference to anatomical
markers, and having the subject lie supine for 5–10 min before
testing (Kyle et al., 2004). For a home environment such as what
we are interested in this paper, most researchers have focused on
devices that are meant to be used at regular intervals [e.g., daily, or
during a home hemodialysis session (Bonnet et al., 2016; Ferreira
et al., 2017)]. However, these devices would require the patient to
perform specific protocols such as lying supine before using them,
or the patient could only use the device during their scheduled
hemodialysis session. Other devices involve wearables at the
chest, which might result in detecting fluid overload sooner,
but are less likely to be worn for extended periods of time
(Schlebusch et al., 2010; Posada-Quintero et al., 2018). These
are not ideal for ready adoption of this technology for wider use,
especially for patients who are not on hemodialysis.

Numerous research groups have already developed portable
and wearable bioimpedance systems that may be suitable for
ambulatory calf bioimpedance measurements, including a
previous portable device developed by the first author (Yang
et al., 2006; Bonnet et al., 2016; Hersek et al., 2017; Delano, 2018;
Dheman et al., 2020). However, none of these devices have been
tested specifically with an electrode configuration optimized for
long-term measurements of calf bioimpedance. We intend to
address this in the present paper.

In this paper, we present a prototype of a wearable calf
bioimpedance measurement system as a first step toward
evaluating the utility of calf bioimpedance measurements for
long-term, ambulatory measurements. Because we are specifically
interested in evaluating the performance of the compression sock
for use in a wearable setting, we developed a small, battery
powered system that uses measurement techniques previously
established in the literature to record the calf bioimpedance (Yang
et al., 2006). The measurement system is enclosed in a 3D-printed
enclosure and can in turn be connected to a custom designed
compression sock with integrated band textile electrodes. Data
from the measurement system is transmitted over Bluetooth Low
Energy to a custom iOS app that saves data to a remote server for
subsequent analysis.

The prototype has three potential advantages over previous
work:

1. Current distribution: The prototype uses band electrodes to
distribute current uniformly through the calf, minimizing the
impact of calf fat and ensuring accurate calf fluid volume
estimation, unlike conventional spot Ag/AgCl electrodes
(Delano, 2020).
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2. Long-term measurements: The band electrodes are made of
textile fabric that can be used to measure calf bioimpedance
over an extended period of time, both because the fabric is
comfortable and because it does not rely on gels or adhesives
that dry out over time (Wang et al., 2019).

3. Ease of use: The prototype integrates into a standard
compression sock, which many patients with fluid overload
already wear, allowing for a “set it and forget it” use case that
could potentially increase patient compliance and improve
their experiences using the device.

The goal of this paper was to evaluate the performance of the
prototype against a commercial system to determine whether it
can provide accurate and precise bioimpedance data. We tested
the system on the bench using RRC networks and with five
healthy subjects using Ag/AgCl electrodes along with the textile
compression sock. We found that the wearable system obtained
results comparable to the commercially available SFB7 system for
RRC networks and using Ag/AgCl electrodes, but was less reliable
when using the textile compression sock compared with the SFB7.
This suggests improvements are needed to the standard research
grade hardware being used in the literature to enable
bioimpedance measurements using textile electrodes at the
calf. We discuss implications and potential improvements to
the system to enable more reliable long-term measurements in
the future.

2 METHODS

2.1 Bioimpedance Background
Bioimpedance measurements performed across frequencies are
known as bioimpedance spectroscopy (BIS) measurements.
These measurements can be analyzed at individual frequencies
or fit to a model. In this paper, we chose to fit the data to the Cole
model, which is the most frequently used model for BIS
measurements (Cole, 1940). The Cole model is a four-
parameter model where the measured bioimpedance Z can be
represented by

Z � R∞ + R0 − R∞

1 + (jωτ)α (1)

where R0 and R∞ are the resistance at frequencies≪ 1/τ and≫ 1/τ,
respectively. τ is the characteristic time constant and α determines
the frequency “width” of the transition of the bioimpedance from
R0 to R∞. An example calf bioimpedance waveform can be found
in Figure 1. The resistances R0 and R∞ are the resistances of the
extra-cellular and total water (sum of extra-cellular and intra-
cellular water), respectively. The time constant τ is related to the
properties and number of cell membranes in the tissue. The α
parameter represents the fact that tissue includes an element called
a constant phase element (CPE), which has a constant phase of -90°

× α where α is between 0 and 1, with α � 1 representing a pure
capacitor and α � 0 representing a pure resistor. The α term is
important to include as the modeled bioimpedance would not be
accurate without it other than at very low and high frequencies.

The fluid compartment volumes of the calf can be estimated
using a combination of calf bioimpedance and calf circumference
measurements. Estimates assume the calf is a homogeneous
cylinder comprised of a conductive fluid with suspended
spheres with capacitive membranes (i.e., cells). It is also
assumed that current is distributed uniformly through the
measured tissue. These assumptions are necessary to establish a
clear inverse relationship between measured resistance
(i.e., bioimpedance) and compartment volumes (i.e., extra-
cellular and intra-cellular). Based on these assumptions, the
volume of calf extra-cellular water (VolcECW), calf total water
(VolcTW) and calf intra-cellular water (VolcICW) are estimated as: 1.

VolcECW � L2ρECW
������
Volcalf

√
R0

( )2/3

(2)

VolcTW � L2ρ∞
������
Volcalf

√
R∞

( )2/3

(3)

VolcICW � VolcTW − VolcECW (4)

where L is the inter-electrode distance, ρECW and ρ∞ are the
resistivity of extra-cellular water and total water, respectively, and
Volcalf � LA where A is the cross-sectional area derived from the
calf circumference circ (A � circ2

4π ). This paper will focus
specifically on the measurement of resistances R0 and R∞ as
these are the two parameters that are relevant for remote fluid
status monitoring due to their relationship with volume status
(Khalil et al., 2014; Lukaski et al., 2019). For a discussion on how
the resistances and other parameters contribute to overall errors
in fluid status estimation see the Appendix in Delano M. and
Sodini C. (2018).

2.2 Circuit Design
2.2.1 Analog Front End
The design of the analog front end was based on a paper by Yang
et al. (2006) (with some modifications to measure at lower
bioimpedance magnitudes). The system uses the Magnitude-
Ratio and Phase Difference Detection Method (MRPDD) to
measure bioimpedance. This involves a single op-amp (ADA-
4891) voltage controlled current source (VCCS) that drives
current through both the body and a reference resistance
(51Ω, confirmed by DMM6500 digital multimeter) (Seoane
et al., 2011; Yang et al., 2006) (see Figure 2). The reference
resistance sets the range over which the magnitude readings are
most accurate as the AD8302 is most accurate for ± 20 dB with
respect to the reference. A reference resistance of 51Ω therefore
affords a range of 5.1–510Ω. A typical calf bioimpedance
measurement is on the order of 20–70Ω (Delano M. and
Sodini C., 2018; Wang et al., 2019). The input sine wave to
the VCCS is generated on board using an AD9837 direct digital
synthesizer, followed by a high pass filter and a single op-amp
gain stage to center the resulting waveform around the middle of
the voltage rails and amplify the sine wave to 1Vpp. The sine wave
is then used to drive the VCCS; the input sine wave amplitude

1see Delano and Sodini (2018a) for a detailed derivation.
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along with the value of Rbias (3.6 kΩ) sets the current to 94 μArms

(as verified by a DMM6500 digital multimeter), which is below
the threshold set by the IEC60601-1 product safety standards for
medical devices of 100 μA at 1 kHz. The frequency of the sine
wave is swept from 1 to 500 kHz. Each sweep takes just under 2 s.

Differential voltages across the reference resistance and the
body are measured using instrumentation amplifiers
(AD8231), and then these single ended voltages are input
into a gain phase detection chip (AD8302). The IA gain (16)
was chosen based on the required input voltage range to the
gain phase detector for optimal operation; inputs should
ideally be within −15 dBm to 8 dBm with respect to 50 Ω,
corresponding to root mean square voltages of
39.764 mV–0.562 V. After the instrumentation amplifier
stage, the signals are buffered and then matched to 50 Ω
impedance for input to the gain phase detection chip. The
resulting voltages are then sampled by an ADC on an
nRF52811 microcontroller (see Section 2.2.2).

The PCB has standard 2.54 mm header connections for all
four electrodes that can be connected to other PCBs and/or
electrodes. The PCB can be used on the bench top as a
standalone measurement system or optionally enclosed in a
3D printed enclosure that houses the PCB and battery, with
space for the electrode wires and velcro to secure the device
around the calf (see Figure 3). The PCB is 4 cm × 5.5 cm × 0.8 cm,
and the enclosure is 4.8 cm × 7.8 cm × 2.4 cm.

The analog front end was calibrated with three RRC networks
mounted on small PCBs using quadratic Lagrange interpolation
prior to each measurement session to reduce the impact of cable
impedance and non-linearities of the front end (Yang et al., 2006).
Each RRC network is configured with three circuit elements to
mimic the electrical properties of the body (see Figure 4), where
Re and Ri are the resistance of the extra- and intra-cellular fluid,
andCm is the capacitance of the cell membranes. These are related
to the Cole parameters as follows:

R0 � Re (5)

R∞ � Re Ri/(Re + Ri) (6)

τ � Cm(Re + Ri) (7)

α � 1 (8)

Circuit parameters for each calibration RRC network are listed
in Table 1 and a bode plot of the calibration impedances can be
found in Figure 5. All resistors on the RRC network PCBs had at
least ± 1% tolerance and all capacitors had at least ± 10%
tolerance.

The system is powered by a lithium-ion battery (850 mAh,
DTP603443) and regulated to 3 V using an LDO linear regulator
(ADP3301). The board also has on board charging using a linear,
single-cell Li + battery charger (ADP2291). The battery life of the
system while measuring continuously is about 8 h.

2.2.2 Digital Back End
The digital back end is built around an nRF52811 system-on-
chip that includes a 64 MHz Cortex-M4 ARM processor with
Bluetooth Low Energy data transmission using an external
chip antenna. The ARM processor is programmed using a
Serial Wire Debug (SWD) protocol and a 9-pin converter
using an nRF52840 development kit. The microcontroller
communicates with the direct digital synthesizer (AD9837)
using SPI, and also controls relevant input/output pins such as
the instrumentation amplifier gain. The nRF52811 has several
built-in, 12 bit ADC channels, two of which are used to sample
the magnitude and phase output voltages from the gain phase
detection chip. The custom iOS app receives the
bioimpedance magnitude and phase data and displays the

FIGURE 1 | Two views of an example calf bioimpedance waveform with R0 � 50 Ω,R∞ � 30 Ω, τ � 1
2π 50 kHz, α � 0.8. (A)Complex viewwith negative reactance on

Y axis, (B) bode plot.

FIGURE 2 |Block diagram of wearable calf bioimpedancemeasurement
system using the Magnitude Ratio and Phase Difference Detection Method
based on Yang et al. (2006).
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results in real time. The data are also transmitted to a remote
server using SFTP.

2.3 Textile Design
The wearable compression sock consisted of four band electrodes
made from a textile material to ensure uniform current
distribution throughout the measured part of the calf. A
uniform current distribution is necessary in order to estimate
volume based on bioimpedance (see Section 2.1), and to ensure
that bioimpedance is not artificially high due to fat on the calf
(Delano, 2020). Band electrodes ensure this uniformity by driving
current through the calf from around the calf circumference,
rather than from a single point as with spot Ag/AgCl electrodes.
The band electrodes were sewn into commercially available
compression socks to create a comfortable and wearable way
to measure the calf bioimpedance. The electrodes were sewn to
have the same electrode spacing as used in previous studies in the
first author’s research group [see e.g., Delano and Sodini
(2018a,b); Wang et al. (2019)], with a 10 cm spacing between
the voltage electrodes and with each current electrode 5 cm
outside the voltage electrodes (see Figure 6). This spacing was
chosen originally for comparison with previous studies of other
groups such as Zhu et al. (2008b), Montalibet and McAdams
(2018). The choice of textile was based on a previous study
comparing 5 different textiles (Wang et al., 2019).

The compression sock consists of two layers of compression
sock substrate with the conductive fabric sewn on. The innermost
layer of fabric, which touches the skin, has the Technitex
conductive fabric sewn in four bands onto the compression
sock substrate. Then there is a second layer of conductive
fabric used as a trace to connect the signals from the outer

bands to snaps at the center of the sock. Four snaps are sewn into
the sock toward its center, and are then connected to the headers
on the custom PCB via snaps soldered to wires. Conductive
thread is used as needed to connect the different layers. A picture
of the sock being worn can be found in Figure 3. The sock
circumference at the top and bottom of the sock are 26 and 17 cm
respectively, but can stretch by over 10 cm each.

2.4 Bioimpedance Measurements
Bioimpedance measurements were performed both with the
wearable system developed here and a commercial system
(ImpediMed SFB7). The wearable system measured
bioimpedance from 1 to 500 kHz with 10 points per decade.
Each sweep took just under 2 s. Meanwhile the SFB7 measures
256 frequencies from 3 kHz to 1 MHz in less than 1 s. In order to
compare the results from both measurement systems, magnitude
and phase values from the SFB7 were interpolated to match the
same frequencies as those used from the wearable system,
resulting in a total of 28 frequencies measured by the wearable
system and 23 frequencies measured by the SFB7.

While both the bioimpedance magnitude and phase are
acquired by both measurement systems, only the magnitude
was used to fit to the Cole model. This is because the phase is
more susceptible to artifacts (Scharfetter et al., 1998; Bogónez-
Franco et al., 2009; Buendia et al., 2014), and the AD8302
measures magnitude and phase separately, decoupling them.
Additionally, the AD8302 is not accurate measuring phase
values at frequencies below 20 kHz (Yang et al., 2006;
Mohamadou et al., 2018) and for the low phase values that
occur when performing calf bioimpedance measurements (see
Figure 7). Magnitude data were fit using the

FIGURE 3 | (A) The custom PCB inside the enclosure. Electrode connection and other wires not pictured. (B) The textile compression sock while worn.
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Levenberg–Marquardt algorithm and MATLAB’s lsqcurvefit. The
maximum frequency used for fitting was always 500 kHz; the
minimum frequency varied from 1 to 16 kHz depending on
measurement system (the SFB7 starts measuring at 3 kHz),
and the presence of low-frequency artifacts (Bogónez-Franco
et al., 2009; Gómez-Sánchez et al., 2012; Buendia et al., 2014;
Wang et al., 2019). See Table 2 for a list of all minimum
frequencies used. Initial conditions for the fitting algorithm
were iterated 50 times to help ensure the algorithm converged
to a global best fit.

2.5 Testing
Bioimpedance measurements were performed on the bench level
using RRC networks, and in healthy subjects using both Ag/AgCl
electrodes (3M-2560) and the textile compression sock. In each
case, measurements were performed using both the wearable
system and the SFB7.

2.5.1 Bench Level Testing
The goal of the bench level testing was to compare bioimpedance
measurements using the custom analog front end PCB that is part of

the wearable system presented here with the performance of the
commercially available ImpediMed SFB7, which is one of the most
commonly bioimpedance spectroscopy systems used for research.
Testing was performed using four small customPCBs with a network
of resistors and capacitors used to emulate the electrical properties of
the calf muscle (using an RRC network, see Figure 4) and the skin-
electrode interface impedance (using a single series resistor of 1 kΩ
for each current electrode and a short for each voltage electrode). The
bioimpedance of each RRCnetworkwasmeasured 5 times each using
both the SFB7 measurement system and the wearable bioimpedance
system. The estimated R0 and R∞ were then extracted from the
bioimpedance spectroscopy data, and the mean of the 5
measurements was compared with the actual value (for R0) or
calculated value (for R∞, see Eq. 6) A summary of the values of
each test RRC network can be found in Table 1.

2.5.2 Human Subjects Testing
The goal of the human subjects testing was to compare the
performance of the wearable system and the SFB7 under more
realistic conditions, including using Ag/AgCl electrodes along
with the textile compression sock. All subjects gave informed
consent to participate in the study and all experimental
procedures were approved by the Swarthmore College
Institutional Review Board (Protocol # 17-18-073-SC and PA).
Inclusion criteria for the study were: over the age of 18 and not
currently enrolled as a student of the research supervisor.
Exclusion criteria for the study were: implanted medical
devices, skin sensitivity to medical adhesives and electrodes,
pregnancy, amputations, metal in legs, and ulcers or other
skin conditions at the potential electrode sites.

Measurements were first performed on the calf using Ag/AgCl
electrodes. Spacing was similar to that on the textile sock (see
Figure 6). The researcher measured the distance between the
middle of the patella (knee) and lateral malleolus (ankle) and
placed the voltage electrodes on the lateral side of the leg, 5 cm on
either side of the midpoint of this distance. Current electrodes
were placed 5 cm outside each voltage electrode. A similar
procedure was followed for testing with the compression sock:

FIGURE 4 | Topology of the RRC networks used to simulate calf
bioimpedance. Values and a visualization for the RRC networks can be found
in Table 1; Figure 5, respectively.

TABLE 1 | Values of the RRC network PCBs. PCB names starting with “C” are
PCBs used for calibration and names starting with “T” are used for testing.

RRC R0 (Ω) Ri (Ω) Cm (nF)

C1 10 20 120
C2 44.2 44.2 56
C3 80.6 453 5.9
T1 12 30 120
T2 51 51 82
T3 60.4 200 10
T4 30 60.4 100

FIGURE 5 | Bode plot of the calibration and test RRC networks used.
Values for the RRCs can be found in Table 1.
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the sock was slipped on and pulled up until the middle of the sock
was at the midpoint between the knee and ankle such that the
textile bands had the same spacing and placement as the spot Ag/
AgCl electrodes. The electrode connectors for the sock were

always oriented to the outside of the subject. Measurements of
each type were then performed 5 times with each measurement
system, and the mean of the 5 measurements was used to
compare the two systems.

FIGURE 6 | Layout of the textile compression sock, including spacing of the band electrodes inside the compression sock.

FIGURE 7 | (A–D)Bode plot results measuring the test RRC PCBs T1 through T4 using both the wearable and SFB7. Values for the RRCs can be found in Table 1.
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2.5.3 Data Analysis
A successful bioimpedance system will be accurate, precise, and
with a known relationship to overall fluid status. In this paper, we
will focus on accuracy and precision as a first step toward
evaluating the relationship to overall fluid status. Performance
of the two systems was based on a comparison of the Cole model
parameters extracted from the data for each measurement system
(accuracy) and the precision of those extracted Cole parameters.
Cole parameters were estimated based on 5 frequency sweeps for
both the wearable system and the SFB7 measurement system. For
bench level testing, these parameters were compared with the
parameters on the RRC networks; for human subjects testing
these parameters were compared with each other, with the SFB7
considered the “gold standard.”

To calculate precision, the standard deviation and mean of the
five different R0 and R∞ values were used to calculate the
precision p:

p � 100
std(R)
mean(R) (9)

where R is the set of R0 or R∞ values for each case. The precision p
is therefore the percentage variation of the different measurement
runs, normalized by the mean to allow comparisons across test
RRC network values, subjects and electrode types.

3 RESULTS

3.1 Bench Level Testing
Both the wearable system and the SFB7 were able to accurately
estimate the R0 and R∞values of the test RRC networks, with all
estimations within ±1.5% (see Table 3 and Figure 7). Both
measurement systems also had low Cole parameter precision,
with all values for both systems of less than 1% (see Table 5). Cole
parameter precision was consistently lower for the SFB7 than the
wearable bioimpedance system except for the low impedance of
the T1 RRC, for which the precision for R0 was about the same
(0.35% for wearable vs. 0.37% for SFB7).

3.2 Human Subjects Testing
Human subjects testing was conducted with five subjects (see
Table 4). Data from S1 and S3–S5 were obtained using the dry
textile sock only. Two additional tests were also conducted with

S2 to determine the influence of pressure and wetting on
bioimpedance measurements at low frequencies: additional
pressure was applied to the current electrodes using medical
tape [as was done in a previous study (Wang et al., 2019)], and the
current electrodes were lightly patted with a wet piece of textile.
Results for all three conditions are presented.

Cole parameter precision for both systems when using the Ag/
AgCl electrodes was on the same order as the data for the RRC
networks (see Table 5); all parameter precision values for R0 and
R∞ were below 2%. Extracted parameters for the Ag/AgCl were
within ± 6% between the two systems (see Table 6).

For subjects S2-S5, there was saturation of the VCCS op-amp
present for the wearable system PCB at low frequencies (see Table 2
forminimum frequencies used for fitting). Low frequency artifacts on
the SFB7 varied depending on the subject; for S2 and S3 there
appeared to be no low-frequency artifact (see Figure 8 for an example
measurement), but there were artifacts for S4 and S5 (though the
presentation of those artifacts was different than for the wearable
system, see Section 4 and Figure 9 for an example measurement).
The artifacts for subjects S4 and S5 when using textile electrodes were
such that the data could not be consistently fit to the Colemodel, with
precision of greater than 100% for some parameters. Precision and
Cole parameter errors are not reported for these subjects for either
system. Precision for the SFB7 was consistently below 1%;meanwhile
precision for the wearable system was higher for R0 when low
frequency artifacts were present (4.22% for S2 and 3.82% for S3).
Agreement between the two systems was consistently below 5%,
except for R0 for S2 and R∞ for S3, which were 8.00% and −8.14%,
respectively (see Table 6).

Two different tests were repeated with S2 to determine if
additional pressure on the current electrodes or lightly wetting the
current electrodes would reduce skin-electrode interface impedance
and improve low frequency bioimpedance measurements (especially
when using the wearable system). Both applying pressure or lightly

TABLE 2 | Minimum frequencies used for fitting to the Cole model. All values
shown in kHz. Fitting was not performed for textiles for subjects S4/S5 due to
artifacts in the measurements (see Section 3.2).

Subject Textile Ag/AgCl

Wearable SFB7 Wearable SFB7

S1 1.25 3.16 1.25 3.16
S2—Dry 10.00 3.16 1.25 3.16
S2—Wet 1.00 3.16 N/A N/A
S2—Pressure 3.16 3.16 N/A N/A
S3 15.85 3.16 1.25 3.16
S4 — — 1.58 3.16
S5 — — 1.00 3.16

TABLE 3 | Percent error of the Cole parameters extracted from bioimpedance
measurements from both measurement systems for the test RRCs compared
with the actual values of the RRCs.

RRC R0 R∞

Wearable SFB7 Wearable SFB7

T1 −0.75 −0.94 −0.70 −0.22
T2 −1.07 −0.25 −0.32 0.32
T3 0.03 −0.03 0.70 0.83
T4 −1.36 −0.33 −0.19 0.58

TABLE 4 |Demographics of subjects who volunteered to be part of the study. Hair
stands for calf hair and was ranked on a scale from 1 to 5 where 1 was no hair
and 5 was very hairy.

Subject Age Sex Race Hair

S1 19 M Asian 2
S2 33 F White 2
S3 19 M Asian 1
S4 19 M White 4
S5 19 M Latino 3
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wetting the current electrodes improved the precision for both
measurement systems, with a larger improvement for the wearable
bioimpedance system (see Table 5). Applying additional pressure
resulted in saturation on the wearable bioimpedance system below
2 kHz only and lightlywetting the electrodes eliminated saturation for
all measured frequencies. Precision for both measurement systems
was less than 2% for R0 and R∞. Applying pressure or lightly wetting
the current electrodes also improved the percent difference between
the measured Cole parameters between the two measurement
systems, with the light wetting reducing all measured differences
to less than 5%.

4 DISCUSSION

The goal of this paper was to compare the performance of a
research grade wearable calf bioimpedance measurement system
and commercially available hardware (ImpediMed SFB7) using
RRC networks, Ag/AgCl electrodes, and a custom designed textile

compression sock. We found that the research grade hardware
had comparable results to the SFB7 when using RRC networks
and Ag/AgCl electrodes, but had more low frequency artifacts
when compared with the SFB7 when using the custom textile
compression sock that impacted both precision and agreement
between the two tested systems.

4.1 Bench Level Testing
The wearable system performed comparably to the SFB7 when it
came to estimating the resistor values of the test RRC networks,

TABLE 5 | Cole parameter precision for the four different test RRC networks
(T1–4) and the human subjects (S1–S5) using Ag/AgCl and textile electrodes.
All values in percent of the mean of that parameter (see Eq. 9). Fitting was not
performed for textiles for subjects S4/S5 due to artifacts in the measurements (see
Section 3.2).

RRC/Subject R0 R∞

Wearable SFB7 Wearable SFB7

T1—RRC 0.35 0.37 0.57 0.36
T2—RRC 0.39 0.08 0.24 0.09
T3—RRC 0.59 0.05 0.83 0.03
T4—RRC 0.18 0.06 0.35 0.08
S1—Ag/AgCl 0.25 0.64 1.27 1.61
S2—Ag/AgCl 0.71 0.21 1.33 0.31
S3—Ag/AgCl 0.48 0.14 1.86 0.13
S4—Ag/AgCl 0.45 0.16 1.27 0.44
S5—Ag/AgCl 0.57 0.13 1.07 0.37
S1—Textile 0.61 1.04 0.59 0.82
S2—Textile Dry 4.22 0.53 1.35 0.60
S2—Textile Pressure 1.35 0.37 1.81 0.36
S2—Textile Wet 0.34 0.21 1.07 0.20
S3—Textile 3.82 0.54 0.70 0.42
S4—Textile — — — —

S5—Textile — — — —

TABLE 6 | Percent error between the Cole parameters as measured by the
wearable measurement system compared with the SFB7 for all human
subjects for the textile and Ag/AgCl electrodes. Fitting was not performed for
textiles for subjects S4/S5 due to artifacts in the measurements (see Section 3.2).

Subject R0 R∞

Textile Ag/AgCl Textile Ag/AgCl

S1—Dry 3.68 −3.89 −0.01 −3.13
S2—Dry 8.00 −0.99 −3.20 −4.47
S2—Pressure 1.80 — −4.77 —

S2—Wet 2.18 — −0.18 —

S3—Dry 2.92 2.65 −8.14 −4.01
S4—Dry — 0.22 — −5.83
S5—Dry — 1.42 — 0.69

See Delano and Sodini (2018a) for a detailed derivation.

FIGURE 8 | Bioimpedance magnitude data for S2 (average of 5 runs)
showing three different conditions for both the wearable bioimpedance
measurement system and the commercial SFB7: dry textiles (dry), light
pressure applied to textiles using medical tape (pressure), and lightly wet
textiles (wet). The presence or absence of low frequency artifacts can be
observed by comparing the measurements for the two systems at frequencies
below 15 kHz. The artifacts are worst for the dry condition, reduced for the
pressure condition, and eliminated for the wet condition.

FIGURE 9 |Bioimpedance magnitude and phase data for S5 (average of
5 runs) showing the bioimpedance data that was unusable for fitting due to
high precision run to run. The magnitude data is zoomed in to show the slope
of the SFB7 data; the wearable data goes up to about 900 Ω at 1 kHz.
The high phase data for the wearable is where the system saturated the
voltage rails; after this point both systems have negative but increasing phase
rather than negative and decreasing phase from zero as in e.g., Buendia et al.
(2014).
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but had worse precision. Overall, both systems could estimate R0
and R∞ of the test RRC networks within ± 1.5% with a precision
of less than 1%. These results suggest that the wearable system,
when used to extract Cole parameters from RRC networks, can
accurately estimate R0 and R∞ and obtain results consistent with
the commercially available SFB7 measurement system.

4.2 Human Subjects Testing
Results using Ag/AgCl electrodes for both measurement systems
had precision on the same order as using RRC networks, and R0
and R∞ data were all within 6% between the two systems. Results
using the textile sock with subject S1 were comparable to the
results obtained using Ag/AgCl electrodes. However, there were
low frequency artifacts on the wearable system (and sometimes
the SFB7) for subjects S2–S5. For S2, increasing pressure or lightly
wetting the current electrodes improved the results.

4.3 Low Frequency Artifacts
4.3.1 Presentation
Our results show that using standard research grade bioimpedance
measurement circuits (in this case, a voltage controlled current source
and commercially available instrumentation amplifiers, a common
topology used in portable and wearable bioimpedance spectroscopy
systems, see e.g., Yang et al. (2006); Bonnet et al. (2016); Hersek et al.
(2017); Dheman et al. (2020)), results in low frequency artifacts when
using textile electrodes (see Figure 8). This effect appears to be due to
insufficiently low skin-electrode interface impedance as the effect
dissipates when wetting the textiles. The SFB7 appears to be less
affected than the wearable system, but there were two subjects where
the SFB7 also had low frequency artifacts (S4, S5, see Figure 9). For
the wearable system, the low frequency artifacts presented first as
saturation of the PCB’s voltage controlled current source op-amp’s
voltage rails for the first several data points (typically below 5 kHz)
and also as artificially high bioimpedance magnitude at frequencies
5 kHz up to 15 kHz compared to what would be expected from the
Cole model. The phase was highly positive (200°) when the voltage
rails were saturated and negative trending positive for frequencies
around where the artifact was present. When artifacts were present
for the SFB7, there does not appear to be any saturation (though
internals of the SFB7 cannot be readily accessed to confirm), but there
does appear to be artificially highmagnitude at low frequencies, and a
phase that is, artificially low at low frequencies and increases.

4.3.2 Potential Causes
The two subjects with bioimpedancemeasurements that could not be
used by either system both had higher levels of body hair. Body hair
prevents good contact of the textile electrodes with the skin, which
could potentially explain these results. However, there were also
artifacts in thewearable system for additional subjects when there was
less body hair, and these artifacts were not present using the SFB7.
Because the low frequency artifacts for S2 were reduced on the
wearable system with light pressure or wetting, they are most likely
also due to high skin-electrode interface impedance. Given that there
were no artifacts using the SFB7 system for low amounts of body hair,
there must be differences between the hardware on the two systems
that prevented the wearable system from handling the larger skin-
electrode interface impedance.

Although the tetrapolar configuration used for bioimpedance
measurements theoretically eliminates the influence of the skin-
electrode interface impedance, the especially high impedance of
textile electrodes, coupled with the fact that textile electrodes
connect capacitively rather than resistively to the skin, can result
in low frequency artifacts (Gómez-Sánchez et al., 2012; Beckmann
et al., 2010). Previous research has shown that low frequency artifacts
using Ag/AgCl electrodes occur primarily due to electrode mismatch
and/or cross-talk between the current and voltage electrodes
(Buendia et al., 2014), and that artifacts tend to be higher in
localized bioimpedance measurements (Bogónez-Franco et al.,
2009, 2017; Montalibet and McAdams, 2018). However, the low-
frequency artifactsmeasured in this study appear different from those
presented in Buendia et al. (2014), especially in the phase.While there
was an artificially high magnitude at low frequencies in the presence
of high skin-electrode interface impedance for the electrode
mismatch and cross-talk (similar to that presented here), the
phase always started from zero. Additionally, other studies that
focus on electrode mismatch found little effects at low frequencies,
focusing on the impact of electrode mismatch of high frequencies
(Montalibet andMcAdams, 2018; Bogónez-Franco et al., 2009, 2017).
Further research is needed to determine whether these low frequency
artifacts observed using textile electrodes are also due to electrode
mismatch, which could potentially be addressed through
modifications to the underlying hardware, such as increasing the
CMRR of the analog front end (Buendia et al., 2014), and/or
measuring and eliminating the contact impedance directly
(Shochat et al., 2006; Ferreira et al., 2017; Dheman et al., 2020).
Alterations to the compression sock, such as a tighter sock, could also
potentially improve results.

4.3.3 Implications of Artifacts
One important question is whether the low frequency artifacts in this
study are a concern at all. For example, if one simply moves up the
minimum frequency, perhaps low frequency artifacts could be
ignored entirely, as we argued in Wang et al. (2019). Results here
suggest that there could be adverse impacts of these low frequency
artifacts that cannot be fully determined without future work. There
are two factors to consider: the impact of the artifact on the estimated
Cole parameters themselves, and the impact of the artifact on the
Cole parameter precision. If the artifact prevents accurate estimation
of the Cole parameters, these data cannot be used for fluid status
estimation. If the artifact results in higher precision, additional
measurements would need to be taken in order to detect small
changes in bioimpedance over time.

While we cannot know the “true” values of the calf bioimpedance,
in this study we found that there were larger differences between the
SFB7 and wearable system when low frequency artifacts were present
for the wearable system only (i.e., S2—dry and S3) compared to when
no low frequency artifacts were present (i.e., S1, S2—wet,
S2—pressure), and that the precision was much higher than in
other cases. The difference between the two systems for S2—dry
was 8.00% for R0 (though the difference for R∞ was −3.20%).
Meanwhile, the difference between the two systems for S3 was
2.92% for R0 and − 8.14% for R∞. The precision for S2—dry and
S3 was about 4%, compared with 1.5% or less for cases where there
were no low frequency artifacts present. Based on these data it is not
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clear that the impact of the artifacts presented here is strictly limited
to low frequencies. The cases where neither system obtained usable
bioimpedance data (S4/S5) may have been due to body hair, which is
not as much of a concern with older patients with fluid overload.

4.3.4 Significance of Findings
While it has been previously established that high skin-electrode
interface impedance is a challenge for bioimpedance
measurements (Bogónez-Franco et al., 2009; Buendia et al.,
2014; Bogónez-Franco et al., 2017; Montalibet and McAdams,
2018), these studies have not directly involved testing using textile
electrodes. Our results suggest there might be important
differences between Ag/AgCl and textile electrodes in terms of
their impact on low frequency artifacts and also between research
grade and commercial hardware. We demonstrated that the
artifacts presented do not appear consistent with those
presented in previous research using Ag/AgCl electrodes. We
also showed that research grade hardware performs worse than
the SFB7 when testing with band textile electrodes. This suggests
that future research is needed to determine whether these artifacts
are similar to or distinct from artifacts due to Ag/AgCl electrodes,
and then to improve the hardware and/or textile interface in
order to use a wearable bioimpedance system with textile
electrodes in the future.

5 CONCLUSION

Fluid overload management remains a leading clinical challenge,
with few options for remote monitoring to close the loop between
patients and caregivers. We propose managing fluid overload at
home by measuring calf bioimpedance using a wearable
compression sock. This would enable measurements that
distribute current uniformly through the calf, enabling
accurate calf volume estimation, and can be made over hours
and days, while integrating into a patient’s daily routine. Here we
presented results comparing the performance of a wearable calf
bioimpedance measurement system using standard research
grade hardware with the commercially available SFB7 using
measurements on the bench, and measurements with Ag/AgCl
and the textile electrodes embedded in a compression sock. We
found that measurements between the two systems were similar
on the bench and with Ag/AgCl electrodes. However, both
devices were unable to measure calf bioimpedance from two
out of five subjects. The wearable bioimpedance system was more
influenced by artifacts at low frequencies than the SFB7. This
suggests that the standard research grade hardware used in the

literature requires improvements to be used for calf
bioimpedance measurements using textile electrodes. Future
research should address artifacts at low frequencies, especially
in research grade hardware, in order to improve measurement
performance for long-term, ambulatory calf bioimpedance
measurements.
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