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Tissue electrical impedance (or bioimpedance) is a quantity related to the passive,
frequency-dependent electrical properties of a biological tissue and is a
promising modality for continuous monitoring of relative bladder volume and
bladder activity. In this study, the impact of body position [specifically 6° head-
down tilt (HDT)] intended to induce fluid redistribution and, therefore, result in a
change in the electrical resistance of the abdomen is evaluated. The abdomen
resistance (10 kHz–100 kHz) of nine healthy young adults was measured before
and after 240 min in a 6° HDT position. Over this period, the resistance increase
was not statistically significant even though the average bladder volume
increased by 506mL. It was expected that the abdomen resistance would
decrease with an increase in bladder volume over this period. The masking of
the expected resistance decrease is attributed to the shift in the fluid from the
legs/abdomen to the neck/chest caused by the HDT body position over this
period. Overall, this suggests that methods to differentiate bladder volume
changes from other types of fluid shifts in the body are needed for
resistance-based monitoring under free-living conditions.
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1 Introduction

The urinary bladder is a hollow muscular organ located in the pelvic floor, whose
primary function is to store and release urine. The bladder is capable of altering its size and
shape based on the volume of urine produced by the kidneys. Alterations in bladder size
occur when stretch receptors are activated triggering the urge to urinate. When bladder
dysfunction takes place, the inability to control urination results in a condition known as
urinary incontinence (UI). UI affects 38.5% of U.S. men aged 60 years and above (Cao et al.,
2022) and more than 60% of community dwelling adult women (Patel et al., 2022). In their
study of the effect of UI on quality of life (QoL) in adults, Veronese, et al. reported that UI
was associated with worse QoL (Veronese et al., 2022). Similarly, Cheng et al. explored the
relationship between UI, depression, and anxiety and determined patients with UI had
significantly higher levels of depression and anxiety compared to those without UI (Cheng
et al., 2020). Beyond the impacts on individuals QoL, especially in older adults, UI (together
with overactive bladder syndrome) was estimated to incur an economic burden of $65.9
billion on the US healthcare system in 2007 (Coyne et al., 2014).
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With such a significant impact on people and the healthcare
system, technologies to monitor the bladder are an active area of
research. These technologies aim to support generating accurate
data regarding the bladder to inform personalized treatment of those
with bladder dysfunction. Continuous monitoring of bladder
volume and pressure has the potential to help patients self-
manage their conditions (by providing external cues regarding
bladder volume for planning/execution of voiding), provide
detailed information about bladder activity for clinicians, and
evaluate changes in activity over time or in response to
treatment. In their review of bladder monitoring systems,
Semproni et al. identified imaging (e.g., ultrasound, electrical
impedance tomography, and magnetic resonance imaging),
localized tissue bioimpedance, and near-infrared spectroscopy as
modalities that have been investigated for clinical and wearable
bladder monitoring (Semproni et al., 2022). Bioimpedance sensing
was identified as a promising modality for continuous monitoring
(Semproni et al., 2022). This modality quantifies the passive,
frequency-dependent electrical properties of a biological tissue,
which are dependent on tissue type, structure/geometry, and fluid
status (Dean et al., 2008; Grimnes and Martinsen, 2015). This
association with fluid (Fenech and Jaffrin, 2004; Jaffrin and
Morel, 2008) motivates the investigation of bioimpedance-based
techniques for bladder volume monitoring. The non-invasive and
automated evaluation of bladder volume has the potential to support
diagnosis of bladder dysfunction by complementing or replacing
bladder diaries as a clinical instrument. Bladder diaries are used to
collect patient history on fluid intake, voiding patterns, and urine
leakage events to assist clinicians in the diagnosis and treatment of
UI (Gynecology & the American Urogynecologic Society, 2015).
While providing critical information to a clinician, this instrument
has limitations including compliance (e.g., failure to complete) and
additional patient burden (Mehta et al., 2023). These issues could be
resolved through the development of an accurate, reliable, non-
invasive, and unobtrusive device for bladder volume monitoring.

To design such a device, bioimpedance technology is an
attractive solution due to its low-cost (in comparison to other
imaging modalities), safety (excitation currents are non-ionizing
and below perception thresholds), and high potential for
integration into wearable systems. Examples of recent reports
of wearable bioimpedance systems focused on knee health
(Teague et al., 2020; Critcher et al., 2023), the cardiovascular
system (Wang et al., 2020; Qiu et al., 2022), and even bladder
monitoring (Reichmuth et al., 2020) highlight this potential.
Noyori et al. reported in their review of bioimpedance for
bladder monitoring that this modality has been investigated for
this application as early as 1975 (Noyori et al., 2022). Previous
studies on this topic have reported abdomen impedance decreases
due to increases in bladder volume and, conversely, abdomen
impedance increases due to decreases (voiding) of the bladder
(Abbey and Close, 1983; Shin et al., 2017; Gaubert et al., 2020;
Reichmuth et al., 2020). These alterations are attributed to the
fluid increase or decrease in the abdominal region. For these
studies, the body position was controlled such that fluid
changes in the abdomen could be attributed to changes in
bladder volume. However, body position and changes in body
position can induce fluid redistribution, which are not bladder
volume related. Previous studies have reported changes in

segmental resistance (which is the real component of measured
impedance, discussed in further detail in later sections) resulting
from transitions from sit to stand, sit to supine, supine to sit, etc.,
(BERG et al., 1993; Zhu et al., 1998; Fenech and Jaffrin, 2004;
Yadollahi et al., 2015). From these works, a common trend is that
segmental leg resistance changes with body positions as a result of
the change in the hydrostatic gravitation gradient. More
specifically, lying in a supine or head-down tilt (HDT) position
increases the segmental leg resistance due to the movement of fluid
out of this body segment and into the torso. Although this fluid
shift has been previously documented, there has been limited
investigation of the effect it could have on bladder monitoring
using abdomen tissue bioimpedance. Only Shin et al. detailed how
tissue resistance was altered during continuous bladder volume
monitoring as a result of body positioning, reporting differences in
abdomen resistance between sitting, standing, and supine
positions collected over a short 10-min period (Shin et al.,
2017). They attributed these changes to alterations in the shape
of the abdomen (Shin et al., 2017). Their research did not explore
how fluid shifts within the body, which may occur as a result of
longer periods in different body positions, may impact the
abdomen resistance and subsequent interpretation of
bladder volume.

This provides the motivation for this work to evaluate the
following question: are changes in abdominal resistance (a
component of the overall tissue impedance) of human
participants in response to short-term (4 h) 6° HDT body
positioning similar to reported changes of participants in short-
term supine (0°) body positioning from the literature? We
hypothesize that the headword fluid shift induced by the HDT
position will increase the abdomen resistance of this region and
mask the resistance decrease caused by a bladder volume increase
over the observation period. The use of the HDT position to induce
fluid shifts, even though it is not a typical body position during daily
living, is to facilitate comparison with available studies with
participants in a supine (0°) position. The following sections
outline the methods for collecting the abdomen tissue resistance
from study participants, the methods for analysis, analysis results,
and the discussion of these results in the context of previous bladder
volume studies and the implications for wearable systems.

2 Methods

To evaluate the study question, the abdomen resistance from
10 to 100 kHz was collected from 10 healthy, young adults before
and after their placement in a 6° HDT body position for 4 h. While
tissue impedance (Z) has both resistance (R) and reactance (X)
components, tissue resistance is most often associated with tissue
fluids (Fenech and Jaffrin, 2004; Jaffrin and Morel, 2008). For this
reason, this study collected and reported only the abdomen
resistance and not abdomen reactance. It is important to note
that these data were collected during the execution of the
research study first reported by Freeborn et al. (2023)
investigating segmental (leg, arm, and torso) fluid shifts during
HDT body positioning. The presentation and analysis of the
abdomen resistance and bladder volumes here represent the first
reporting of these data.
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2.1 Study participants

The inclusion criteria for participation required that participants
should be between the ages of 18 and 40 years, have a body mass
index (BMI) between 19 and 29, and be recreationally active (defined
here as participating in moderate activity for 30 min at least three
times per week for at least the previous 6 months). The exclusion
criteria included any health conditions that may limit their
participation in the HDT protocol (e.g., musculoskeletal issues,
chronic back pain, and head trauma), conditions that may be
exacerbated by fluid shifts (e.g., high intracranial pressure, ocular
disease, and family history of thrombosis), or other chronic health
conditions (hepatitis, HIV, and diabetes). The average and range
(given as the standard deviation) of the age (in years), weight (kg),
height (m), and BMI (kg/m2) of the participants included in data
analysis are provided in Table 1. Prior to their participation in the
study, each participant provided their written informed consent.
This research and its activities were approved by the University of
Alabama’s Institutional Review Board (UA IRB-19-022-ME) prior
to the study launch.

2.2 Participant preparation

Each participant fasted for 12 h prior to their arrival for data
collection at the study facilities. After arrival, each participant was
asked to void their bladder. Next, the skin surface of the abdomen
was cleaned with isopropyl alcohol (70% solution) wipes. After
cleaning and allowing the skin site to air dry, four adhesive Ag/AgCl
electrodes (Kendall 133 electrodes) were placed on the abdomen.
The specific sites of the placed electrodes are shown in Figure 1A,
with I+ and I− electrodes placed at approximately three-quarters of
the distance from the body midline to side and 6 cm below the navel.
Then, V+ and V− electrodes were placed approximately 2.5 cm
closer to the body midline from the I+ and I− electrodes,
respectively. Using this approach, the distance between electrodes
was different for each person but with the intent of capturing the
same amount of abdomen region relative to their body size. The
average electrode spacing distance for the study participants was
13.9 ± 2.8 cm. This location on the abdomen was selected because of
its proximity to the urinary bladder in the human body, with a cross
section of the anatomy of a human male shown in Figure 1B to
visualize the bladder location. A sample of the approximate

electrode locations relative to the bladder is also provided in the
simplified cross section of Figure 1C. It should be noted that
electrodes in Figure 1A are shown on the abdomen and
segmental left/right legs. The leg electrodes are provided for later
context regarding referenced segmental fluid shifts originally
reported from this group of participants by Freeborn et al.
(2023). After the placement of the Ag/AgCl electrodes,
participants laid supine on a hospital bed (at 0° incline). Next, a
Keysight E4990A precision impedance analyzer (Keysight
Technologies, Santa Rosa, CA, United States) was interfaced to
the on-body electrodes using 2 m cabling.

2.3 Measurement protocol

The abdomen resistance was collected using a Keysight E4990A
impedance analyzer. This instrument has been previously
investigated for the measurement of biological tissues and
reported to have relative deviations less than 1% in the frequency
band from 10 to 100 kHz for applications with high electrode/tissue
interface impedance (Fu and Freeborn, 2019), which is
representative of the measurements collected in this study. For
this reason, measurements were collected from 10 to 100 kHz in
this study with this instrument. Additionally, the open, short, load
compensation procedure was applied prior to measurements from
each study participant to minimize the errors introduced by cable
residual impedance and parasitics in the experimental setup.

Impedance measurements were collected from a tetrapolar (e.g.,
four-lead) configuration of electrodes. In this configuration, a
sinusoidal excitation at a fixed frequency is applied using two
leads (I+, I−), and the excitation voltage across the target
material or device is measured using two additional leads (V+,
V−). These labels are used in Figure 1A to indicate how the
instrument was connected to each participant. From the
measured voltage and current, the overall impedance is calculated
(Z = V/I) at each discrete frequency and reported in the resistance/
reactance format: Z = R + jX. In this format, R is the resistance
component of the impedance, X is the reactance component, and j is
the representation of an imaginary number (j � ���−1√ ). As
previously reported by Dean et al., the resistance of tissue
bioimpedance is associated with resistive tissue pathways (e.g.,
fluids), and reactance is associated with capacitive pathways (e.g.,
cellular membrane structures) (Dean et al., 2008), supporting the
focus on resistance measurements in this work.

For all measurements in this study, the instrument was set to not
exceed a 1 mA current excitation, to sweep from 10 to 100 kHz, and to
use the maximum measurement time (requiring 0.2 s per discrete
frequency for measurements in the band from 1 to 100 kHz). After
instrument setup, a baseline resistance was collected from each
participant while they were in a 0° supine position (referred to in
this work as the 0 min measurement). Next, the hospital bed was
adjusted so that the participant experienced a 6° HDT position for a
total period of 4 h. Participants were asked to limit their movements
during this time but were allowed to reposition themselves (without
standing or sitting up) as necessary for comfort. During this time, no
participants voided their bladder and no liquid or food was ingested.
After 4 h, the resistance was measured (referred to as the 240 min
measurement). Then, the hospital bed was returned to 0° and the

TABLE 1 Demographics of study participants (N = 9).

Age (years) Range 18−31 Mean 25.0 ± 4.8

Weight (kg) Range 54.6−90.5 Mean 74.9 ± 10.9

Height (m) Range 1.65−1.94 Mean 1.77 ± 0.08

BMI (kg/m2) Range 19−27.3 Mean 23.8 ± 2.5

Electrode spacing (cm) Range 11.4−20.3 Mean 13.9 ± 2.8

Sex

Male No. (%) 7 (78)

Female No. (%) 2 (22)
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participants slowly transitioned from supine, to sitting, to standing as
they were comfortable.

After transitioning to standing, which took approximately
20 min, participants were asked to completely void their bladder
into a urine specimen collector. The volume from the specimen
collector (rounded to the nearest 50 mL) was recorded. Participants’
urge to urinate at both 0 min and 240 min was also assessed. At these
time points, they were asked to rate their feeling to urinate on a scale
from 1 to 10, with 1 representing no urge to urinate and
10 representing an urge bordering on loss of bladder control.

2.4 Data post-processing

The collected multi-frequency (10 kHz–100 kHz) resistance
data were processed in MATLAB (Veronese et al., 2022) to assess

quality and limit datasets with artifacts (e.g., data that were not
representative of the abdomen) from potential equipment errors or
measurement conditions from affecting processing and
interpretation. The data in Figure 2A represent data that align
with the frequency-dependent tissue expectations, that is, a
decrease in resistance with an increase in frequency, which, in
this case, is shown as a decrease from approximately 72.5Ω at
10 kHz to 62.2Ω at 100 kHz for the 0 min data. The data in
Figure 2F represent data with suspected artifacts in the 240 min
measurements. This dataset does not show a consistent trend of a
decrease in resistance with an increase in frequency. The visually
jagged trend could be a result of muscle contractions/movement of
the abdomen during measurements, which impacts the
measurement or measurement conditions (e.g., quality of
electrode contact with the body). Participants with artifacts in
either their 0 min or 240 min datasets were removed from

FIGURE 1
(A) Placement of Ag/AgCl electrodes on participants’ body for the measurement of abdomen resistance and segmental right/left leg resistance. (B)
Abdomen cross section of an adult male from the Visible Human Project with reference to urinary bladder location and (C) simplified cross section
highlighting electrode locations relative to urinary bladder location.
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further analysis. Based on these data, participant 6 was excluded
from further analysis. A total of nine participant datasets were
included in the study analysis.

3 Results

The multi-frequency (10 kHz–100 kHz) abdomen resistance
data collected from all 10 study participants at 0 min (black
lines) and 240 min (red) during the HDT protocol are given in
Figure 2. The 1% uncertainty intervals, selected based on reports by
Fu and Freeborn regarding deviations of this magnitude with this
instrument in high-residual impedance configurations (Fu and

Freeborn, 2019), are shown as shaded regions for all
measurements. The baseline resistance of participants ranges
from 38.3 Ω to 127.4Ω (mean: 75.6 ± 28Ω) at 10 kHz and 24.4
Ω to 115.5Ω (mean: 65.0 ± 28.2Ω) at 100 kHz. From a visual
inspection of participant resistances, seven of nine cases show that
the 240 min values are greater in value than those collected at 0 min.

The 10 kHz and 100 kHz resistances of the study participants are
summarized using boxplots in Figures 3A, B, respectively. A
Wilcoxon signed-rank test was conducted to determine the effect
of time in the HDT position on the abdomen resistance. All
statistical tests were completed using R version 4.3.1 and RStudio
(Version 2023.06.2 + 561). The median 10 kHz resistance increase
(3.49Ω) between measurements at 0 min and 240 min was not

FIGURE 2
Multi-frequency (10 kHz–100 kHz) abdomen resistance from all 10 study participants (A–J) at 0 min (black lines) and 240 min (red lines) during the HDT
protocol with shaded regions indicating 1% uncertainty intervals. Note: Participant 6 with data artifacts shown for reference but excluded from analysis.
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statistically significant (p = 0.16). Furthermore, the median 100 kHz
resistance increase (5.22Ω) between measurements at 0 min and
240 min was not statistically significant (p = 0.13).

The volume of urine voided by the study participants after
240 min in the HDT position is given in Figure 4A. Measured
volumes range from 200 mL to 900 mL with an average of 506 mL.
With participants voiding their bladder immediately before starting
the HDT protocol, this suggests each had an increase in bladder

volume over the 240 min period. Additionally, participants’ self-
reported urge to urinate at 0 and 240 min is given in Figure 4B, with
median values of 1 and 5, respectively. A Wilcoxon signed-rank test
was conducted to evaluate the statistical significance of this observed
time effect. The increase in the median urge to urinate between
measurements at 0 and 240 min was statistically significant (p =
0.014). These self-reports further support the increase in urine
volume in the bladder over the protocol period.

FIGURE 3
Boxplot summary of (A) 10 kHz and (B) 100 kHz abdomen resistance from nine study participants at 0 min and 240 min during the HDT position.

FIGURE 4
Boxplot summary of (A) urine volume voided by participants after 240 min in the HDT position and (B) desire to urinate (scale 1 to 10) at 0 min and
240 min in the HDT position.
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4 Discussion

The average (and median) increase in abdomen resistance was
2.0Ω (3.49Ω) and 2.3Ω (5.22Ω) at 10 kHz and 100 kHz,
respectively, after 4 h in the 6° HDT position, but these
differences were not statistically significant (p < 0.05) based on
theWilcoxon signed-ranked tests. Over this time period, the bladder
volume of these participants increased by an average of 506 mL
(assuming they had an empty bladder after voiding prior to the
protocol), which was expected to decrease the abdomen resistance in
this region. This expectation is supported by previous studies
reporting abdomen resistance from healthy adults in supine
body positions.

• Abbey and Close reported statistically significant decreases
with urinary bladder filling and increases with voiding from
their study with 40 healthy adult participants. From visual
review of data from individual participants in their study,
changes up to approximately 3Ω for the 75 kHz impedance
were noted for bladder filling and voiding of volumes from
100 mL to 900 mL (Abbey and Close, 1983).

• Gaubert et al. reported increases of approximately 3.7 Ω and
2.7Ω for the 5 kHz resistance after two healthy adult
participants voided their bladders (after reaching an
ultrasound assessed volume of 350 mL) (Gaubert et al., 2020).

• Reichmuth et al. reported an increase of approximately 4Ω
after a single adult voided their bladder (specific frequency not
reported but instrumentation collected impedance from 1 kHz
to 100 kHz) (Reichmuth et al., 2020).

A summary of these comparison studies and the results from
this work are presented in Table 2 (where N.S. denotes not
statistically significant). While using impedance technology has
been reported in other studies, with a 2022 review provided by
Noyori et al. (2022), the comparison studies referenced here had
similar electrode configurations and body positions as this work.
Overall, the data reported in the three comparison studies support
that abdomen resistance (in the band from 1 kHz to 100 kHz
measured in a tetrapolar configuration) decreases approximately
1Ω–3Ω as bladder volume increases in healthy adult participants
(in supine body positions). An important assumption underlying
our summary is that when values are reported as impedance without
clear reference to either resistance or impedance magnitude, the
reported values do represent resistance or are a close approximation
of it. However, this highlights a limitation of this comparison and
the need for future studies to clearly report impedance datasets as
resistance/reactance, impedance/phase, or other specific
combinations to improve direct comparisons of reported data

across studies. From the presented summary though, we assume
that resistance decreases up to 3Ω would be observed in the HDT
study participants if abdomen resistance was dominated by bladder
volume increases. However, it is significant that this was not
observed even with the observed increase in bladder volume
(quantified by the post-study bladder voiding) of the study
participants.

The lack of significant changes in the abdomen resistance, even
with a bladder volume increase, could be attributed to a fluid
decrease in the abdomen (but not the bladder) from the fluid
shift toward the neck/chest induced by the gravitational gradient
in this body position. As reported by Freeborn et al. in their
investigation of segmental resistance changes in this body
position, this group of participants had increases of
approximately 11%–12% for the 10 kHz segmental leg resistance
and 9% for the 100 kHz segmental resistance (Freeborn et al., 2023).
For reference, the segmental leg resistances of the study participants
were collected using the electrode configurations shown in Figure 1.
The resistance increases support that the fluid was leaving the legs
and moving into the torso. While the distribution of fluid in the
torso was not evaluated in that study, the increase in abdomen
resistance noted here for the majority of participants supports that
fluids from the legs did not settle in the abdomen. If that occurred, it
would be expected to decrease the resistance of this region between
the placed measurement electrodes.

Therefore, the fluid shift caused by the study body position
appears to be the dominant feature in the collected abdomen
resistance of the participants studied, offsetting the changes in
abdomen resistance resulting from the bladder filling. The
significance of this is the impact that fluid shifts in the body
could have on the interpretation of the abdomen resistance for
bladder volume and activity monitoring. As an increase in abdomen
resistance is typically interpreted as a decrease in bladder volume, if
body position (and length of time in body position) is not factored
into analysis/interpretation, incorrect volume estimates could be
generated from a bioimpedance-based system.

Limitations of the current study that impact the conclusions that
can be drawn from this observational data include the following:

• The electrodes were placed using relative spacing between
pairs (I+/V+ and I−/V−) for each person with the intent of
measuring relatively similar abdomen regions relative to body
size. This approach may alter the contribution of the urinary
bladder to the abdomen impedance based on the induced
current distribution in the body. The two participants with
resistance decreases in Figure 3 could be a result of this, with
their abdomen resistance having higher sensitivity to bladder
volume based on electrode spacing and bladder location

TABLE 2 Summary of studies reporting abdomen bioimpedance for bladder monitoring applications.

Authors Participants Position Time (h) Δ impedance (Ω) Δ volume (mL)

Abbey and Close (1983) 40 (ages 18−43) Supine 4 0−3 (75 kHz) 100−900

Gaubert et al. (2020) 2 Supine — 2.7−3.7 (5 kHz) 350

Reichmuth et al. (2020) 1 (age 24) Supine 3 4 (1–100 kHz) —

This work 9 (ages 18−31) 6° HDT 4 N.S. 506
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within their body. However, it is not possible to evaluate this
aspect using only the abdomen resistance available in this
study and requires further future investigation.

• The use of only one electrode configuration prevented the
evaluation of how different configurations may be impacted by
the head-ward fluid shifts and identification of configurations
that are least impacted by this. Li et al. reported differences in
the voltage response measured at the skin surface in
simulation and experimental studies using different
excitation/measurement locations (Li et al., 2019). From
their results, they reported an electrode pairing with
excitation electrodes approximately 3 cm from the center of
the abdomen and sensing electrodes at the leftmost and
rightmost points on the abdomen having the greatest
voltage changes comparing empty and full (600 mL)
bladder cases (Li et al., 2019). The configuration identified
by Li et al. may result in greater current density through the
bladder which could limit sensitivities of measured impedance
to non-bladder fluid shifts.

• The placement of participants in one body position (6° HDT)
induced a head-ward fluid shift to observe effects of this
redistribution, but it does not capture the range of body
positions that persons are expected to transition between
during their daily living. While these data support that
fluid shifts in the body can mask expected impedance
decreases from bladder volume increases, further study is
needed to quantify how time in multiple different body
positions may impact bladder monitoring using
bioimpedance methods. This knowledge is needed to
advance systems that can provide accurate reporting over
all expected conditions.

• The study had a small sample (N = 9) of participants that were
healthy young adults and predominantly men. With UI
significantly impacting older adults, especially older women,
future studies need to evaluate the bladder resistance of older
adults with larger study sample sizes. This is necessary to
determine if there are differences in abdomen resistance and
normative values for older populations as a result of aging
(and to incorporate that knowledge into a system designed
specifically for older adults). There are also limited details
available on how differences in body composition, specifically
subcutaneous fat in the abdomen region for participants with
higher BMI, will impact impedance measurements of this
region and the estimation of bladder volume or activity.

While bioimpedance-based systems continue to have the
potential to support bladder monitoring applications, it is clear
that further focus is needed to advance knowledge relating to
resistance data (and also reactance data, which have yet to be
explored) to bladder volumes/activity and to develop robust
wearable solutions for free-living monitoring. Future
recommendations for such systems include functionality to 1)
identify data artifacts from motion or contraction, 2) correct or
remove data artifacts to limit misinterpretation, 3) identify body
position and length of time in a body position to estimate additional
fluid shifts, 4) differentiate between fluid shifts attributed to bladder
volume changes and changes due to body position, and 5)
compensate for electrode movement (both within and between

days) to increase the usability of this system. Beyond this
technical set of features, it will be important to design systems to
meet the unique needs of the groups these systems aim to support.
With the significant impact that UI has on older adult populations, it
will be important to evaluate the specific needs of this population
and how to design these systems to meet them and be easily usable.

Achieving these functionalities may require the use of additional
sensing modalities to identify both tissue impedance and context of
collected measurements. Future studies should explore sensing
modalities that complement bioimpedance to capture movement
(e.g., inertial measurement units) and muscle activity (e.g., surface
electromyography). The additional sensing modalities are expected
to increase the accuracy of fluid estimates by helping identify when
motion-related artifacts are introduced to the resistance data, which
can be used to either remove or correct degraded data. These future
efforts are expected to help advance solutions to provide
comprehensive bladder monitoring to support the personalized
and continuous monitoring of people with bladder dysfunction.

5 Conclusion

There were no statistically significant differences in the abdomen
resistance of the study participants after 4 h in the 6° HDT position even
though an average bladder volume increase of 506 mL was observed.
The expected resistance decreases from increases in bladder volume are
believed to have been masked by the fluid shifts induced by the
gravitational gradient in this position. This highlights that body
position and fluid redistribution from it can significantly impact the
interpretation of abdomen resistance for bladder monitoring
applications. Therefore, future bioimpedance-based wearable systems
for bladder volume/activity monitoring will require methods to
differentiate bladder fluid changes from body position-based fluid
redistribution for accurate and robust reporting.
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