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Abstract

Background: Thereisapressing need to reduce the hospitalization rate of heart failure patients to limit rising health care costs
and improve outcomes. Tracking physiologic changes to detect early deterioration in the home has the potential to reduce
hospitalization rates through early intervention. However, classical approaches to in-home monitoring have had limited success,
with patient adherence cited as amajor barrier. Thiswork presents atoilet seat—based cardiovascular monitoring system that has
the potential to address |ow patient adherence as it does not require any change in habit or behavior.

Objective: The objective of this work was to demonstrate that a toilet seat—based cardiovascular monitoring system with an
integrated el ectrocardiogram, ballistocardiogram, and photoplethysmogram is capable of clinical-grade measurements of systolic
and diastolic blood pressure, stroke volume, and peripheral blood oxygenation.

Methods: Thetoilet seat—based estimates of blood pressure and peripheral blood oxygenation were compared to a hospital-grade
vital signs monitor for 18 subjects over an 8-week period. The estimated stroke volume was validated on 38 normative subjects
and 111 subjects undergoing a standard echocardiogram at a hospital clinic for any underlying condition, including heart failure.

Results: Clinical grade accuracy wasachieved for all of the seat measurementswhen compared to their respective gold standards.
The accuracy of diastolic blood pressure and systolic blood pressureis 1.2 (SD 6.0) mm Hg (N=112) and —2.7 (SD 6.6) mm Hg
(N=89), respectively. Stroke volume has an accuracy of —2.5 (SD 15.5) mL (N=149) compared to an echocardiogram gold
standard. Peripheral blood oxygenation had an RM S error of 2.3% (N=91).

Conclusions. A toilet seat—based cardiovascular monitoring system has been successfully demonstrated with blood pressure,
stroke volume, and blood oxygenation accuracy consistent with gold standard measures. This system will be uniquely positioned
to capture trend data in the home that has been previously unattainable. Demonstration of the clinical benefit of the technology
requires additional algorithm development and future clinical trias, including those targeting a reduction in heart failure
hospitalizations.

(IMIR Mhealth Uhealth 2019;7(1):€12419) doi: 10.2196/12419
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care to proactive and preventive care. This is especialy
important for cardiovascular disease (CVD), the leading cause
of death worldwide. Heart failure (HF), a type of CVD
characterized by a weakened heart muscle, impacts
approximately 6.5 million Americans with over 960,000 new

Introduction

The Burden of Heart Failure

In-home monitoring technol ogies have the potentia to transform
the health care system by enabling the transition from reactive
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cases each year [1]. HF costs the United States an estimated
$30.7 billion annually and is expected to increase 127% to $69.7
billion by 2030 [2]. With approximately 80% of the total cost
associated with HF due to hospitalization [1], there is an
opportunity to reduce the cost of HF by lowering hospitalization
rates.

To contain costs, the Centers for Medicare and Medicaid
Servicesis both penalizing hospitals with excess readmissions
and moving to Bundled Paymentsfor Care Improvement [3,4].
Despiteincreasing penalties[5], readmission rates remain high
for HF, with over 20% of patients readmitted within 30 days
and up to 50% by 6 months [6]. To successfully reduce
readmissions, early detection of deterioration and subsegquent
intervention is required. Since patient awareness of
symptomatology often lags behind deterioration, successfully
tracking physiologic changesin the homeisacritical component
of an early intervention strategy.

In-Home Monitoring to Reduce Heart Failure
Hospitalization Rates

Current models for reducing HF hospitalizations through
in-home monitoring have had mixed success due to delays in
the analysis of potentialy important clinical data [7], studies
with insufficient power for drawing conclusions [8], and low
adherence[9,10]. Asan example, the Telemonitoring to Improve
Heart Failure Outcomes trial for automated telemonitoring did
not show a reduction in hospitalizations, due in part to low
adherence [9]. In this large-scale study involving 826 subjects
with telemonitoring, only 55% of the patients were using the
system at the end of thetrial. Similar results were found in the
Baroreflex Activation Therapy for Heart Failure (BEAT-HF)
study, where adherence was cited as a critical factor for not
showing any change in HF hospitalizations with in-home
monitoring of the electrocardiogram (ECG), weight, and blood
pressure (BP) [10]. In this study, the subsection of the patients
who had better adherence to monitoring had a significantly
lower rate of hospital readmissions [11]. The BEAT-HF
investigators stated “there remain difficulties in getting heart
failure patients even to perform basic aspects of self-care, such
as daily weight and BP monitoring” [11].

In contrast to these studies, the CardioMEMS Heart Sensor
AllowsMonitoring of Pressureto Improve Outcomesin NY HA
Class|1l Heart Failure Patients (CHAMPION) trial demonstrated
a 37% reduction in class Il HF hospitaizations, where
pulmonary artery pressures were measured daily through an
implantable device (CardioMEMS) incorporating a
patient-initiated datatransfer using abed-based system[12]. In
comparison with prior studies that did not show areduction in
hospitalization, only 1.5% of the treatment group was
noncompliant. In the CHAMPION Trial, the high level of
adherence was due to the patient selection criteria, a
preprocedure monitoring agreement, and the use of a nurse
telephone intervention system [13]. In addition to high levels
of adherence, the success of the CHAMPION tria can be
attributed to the robust and clinically relevant measurements
captured by the CardioMEMS device[12].

To have successful in-home monitoring with a nonimplantable
system that is applicable to the broader patient population, a
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novel approach must be taken to bypass adherence issues.
Furthermore, such a system must provide asufficiently diverse
and relevant set of measurements to practitioners that enable
early detection of deterioration and intervention, as the
epidemiology of HF is extremely complex.

M easurementsfor Monitoring Heart Failure

HF occurs when the heart muscle is weakened and unable to
maintain sufficient blood flow to meet the body’s needs.
Consistent monitoring of BP is critical throughout the entire
management and treatment of HF [4], as optimal BP control is
aprimary goal for HF[14]. In part, thisis because lower systolic
BP is associated with increase readmission and mortality rates
[15,16], and uncorrelated high systolic BP typically precipitates
acute decompensation [14]. Furthermore, according to the
Framingham Study, early and continuous control of elevated
BP appears to be the primary method for preventing chronic
HF in the general population, with pulse and systolic pressure
associated with significant risk for HF [17,18].

As HF is characterized by poor cardiac performance, cardiac
output (CO) is an important component in diagnosis and
management of HF [19]. CO is defined as the product of stroke
volume (SV) and heart rate (HR) and is typically measured
using an echocardiogram, acardiac magnetic resonanceimaging
(MRI), or catheterization. In acute HF, the myocardium isunable
to maintain sufficient CO and if untreated leads to chronic HF
and death [20]. During diuretic treatment, CO and SV must not
be significantly reduced and therefore must be monitored
whenever possible to ensure optimal treatment [21]. Currently
there is no in-home solution for remotely and accurately
monitoring CO and SV. As such, the benefits and predictive
value of monitoring CO and SV on a daily basis remain
unproven.

The epidemiology of HF is complex, and a limited set of
measurementsis often insufficient for making clinical decisions.
Peripheral oxygenation saturation (SpO,) has value as a
supporting measurethat can be used to determine the best course
for treatment during the initial diagnosis, acute HF, and acute
decompensation [20,22]. During acute decompensation, patients
presenting with hypoxemia (oxygen saturation <90%) warrant
hospitalization and require daily monitoring of oxygen saturation
and other vital signs until stabilization [23].

The objective of this study was to demonstrate that a toilet
seat—based cardiovascular monitoring system is capable of
mesasuring systolic and diastolic blood pressures, stroke volume,
and blood oxygenation.

Methods

A Toilet Seat—Based Cardiovascular Monitoring
System for 1n-Home Monitoring

A toilet seat—based cardiovascular monitoring system can be
integrated into a subject’s natural daily routine with no change
in habit, enabling measurements to be taken at one or more
times each day. | ssues with subject preparation and subject error
are greatly reduced, since skin contact is automatic and highly
repeatable each use. While atoil et seat—based monitoring system
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isintermittent in nature, ensured adherence will enablelong-term
daily trend monitoring of parameters that do not need to be
captured continuously, such as BP.

This work demonstrates that a toilet seat—based monitoring
system (Figure 1) is capable of accurately capturing the
following clinically relevant parameters: BP, SV, and blood
oxygenation. The single-lead ECG measured from the seat has
been previoudly correlated to the 12-lead ECG and validated
against standard lead Il for HR, heart rate variability, QRS
duration, and the corrected QT interval [24] and will not be
discussed herein. This set of measurements, gathered from a
single device, provides a broad view of a patient’s
cardiovascular health.

An Integrated System for Cardiovascular Monitoring

The proposed cardiovascular monitoring system instal s directly
on a standard toilet, is battery powered, wireless, waterproof,
and requires no additional connections or user interaction
(Figure 2). This monitoring system unobtrusively captures
cardiovascular data automatically whenever the user sitson the
toilet. Requiring no direct user actionsfor measurement, patient
adherenceisenhanced. The seat incorporatesasingle-lead ECG

Conn et a

for measuring the electrical activity of the heart and as a
reference for ensemble averaging [24], a ballistocardiogram
(BCG) for measuring the mechanical forces associated with the
cardiac cycle, and a photopl ethysmogram (PPG) for measuring
SpO, and pulse transit time (PTT) (Figure 2).

While many methods (eg, echocardiography) are available to
clinicians for measuring ventricular performance (eg, CO), all
require costly dedicated equipment that is generally deployed
in a formal medica setting. These methods require expert
technicians and interpretation that can be subject to reviewer
bias or geometric errors. Because of these limitations, none of
these techniques can be used for day-to-day monitoring of
cardiac function or be incorporated into nonimplantable,
in-home, medical diagnostic devices. The BCG fills this gap
and enables devicesto be created that are capable of monitoring
cardiac function in the homein an inexpensive way [25-27].

Theforce present on the seat is measured through 4 independent
load cells underneath 4 standoffs placed on the bottom of the
seat (Figures 2 and 3). To accurately measure the small forces
that correspond to the BCG on atoilet seat, a floating hinge
(Figure 3) is required to ensure that all of the load is captured
by the load cells [28].

Figure 1. A toilet seat—based cardiovascular monitoring system (left) isintegrated into an individual’s daily routine without requiring any changein
habit, thereby addressing patient adherence. The system captures a comprehensive set of clinically relevant measurements automatically (right).
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Figure2. Thetoilet seat—based cardiovascular monitoring system is completely self-contained, battery-powered, wireless, and cleanablewith all sensors
and electronics instrumentation integrated inside of the seat. It can measure the electrocardiogram (ECG), photoplethysmogram (PPG), and the

ballistocardiogram (BCG).
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Figure 3. A floating hinge ensures that the weight on the seat is completely captured by the load cells under each standoff rather than having a portion
of it carried by the hinge. Thisis arequirement for accurate ballistocardiogram monitoring on atoilet seat.
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The BCG waveform has been shown to correlate with the
pre-gjection period and CO [25,27,29]. To demonstrate the
correlation between BCG amplitude and cardiac function,
differencesin the ensemble averaged BCG waveforms measured
from the seat for atypical HF subject and for atypical normative
subject at both rest and post-stress are shown in Figure 4. In
combination with the ECG, the BCG isused to estimate SV and
calculate the starting point for the pulse transit time for BP
estimation.

The PPG is an optical measure of local blood volume [30].
When captured at 2 wavelengths (eg, red and infrared), SpO,
can be estimated [30]. The ratio between the waveform
amplitudes from each wavelength is used to calculate an
R-value, which can then be converted to SpO, through a
device-specific calibration curve (R-curve) [30,31]. Typically,
SpO, ismeasured onthefinger or the earlobe, where intersubject
variability in the local tissue is low, allowing for a universal
R-curveto be used acrossthe entire popul ation. When measuring
SpO, from the back of the thigh, asis the case with the seat, a
single point calibration is required for each subject due to the
variability in local tissue. Additionaly, the single point
calibration for each subject will mitigate the sensitivity of the
SpO, estimate to skin pigment, which becomes a potential
source of error during hypoxia (<70%) [32].

A controlled desaturation test was performed on 2 subjects of
varying weight and body type to demonstrate the difference in
R-curves between subjects as measured on the seat. Each subject
slowly reduced their SpO, to approximately 80% while data
were captured on the seat. An R-value was calculated from the
seat data for various saturation levels as measured by a gold
standard pul se oximeter, which was taken from the finger with
a hospital grade vital signs monitor (ProCare 400 Vital Signs
Monitor, General Electric Company). Thiswas used to generate
an R-curvefor each subject (Figure 5), where the shaded region
isthe potential error of the hospital grade vital signs monitor.

The slope of each subject’s R-curve (—36.9 and —33.1) varies
by 11% and matches that expected in literature (—33.3) [31].
While the variation in slopes is small, the difference in offset
between the R-curves was significant. Thisindicates that while
the seat is capable of measuring relative changes in SpO,
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without a per-subject calibration, a single point calibration is
required for providing an absolute measure of SpO.,.

One of the key benefits of the proposed system is the ability to
use a combination of the ECG, BCG, and PPG to extract
meaningful parameters such as BP. Literature shows that it is
possible to estimate BP from pulse wave velocity (PWV)
[33-36], which is the speed at which the pressure wave
propagates through the arterial system. An aortic PWV can be
measured from the seat using an estimate of the subject’s aortic
length and the PTT. The aortic PTT is defined as the time it
takes for the pressure wave to transit the aorta. The seat
calculates this by determining the time interval between the
BCG feature that relates to gjection and the appropriate
peripheral PPG wave feature.

Therearetwo key differences between the seat and the majority
of other PWV-based estimates of BP that allow for a more
accurate and robust determination of BP. Many examples in
literature use the pulse arrival time instead of the PTT, which
uses the ECG as the proximal timing point for calculating the
time of propagation [37-39] and includes a portion of the
pre-gjection period in the overall time estimate. This resultsin
an inaccurate estimate of transit time as the ECG timing is a
poor surrogate for gection timing [36,37]. Additionally, the
peripheral timing point for the seat-based PTT is measured on
the back of the thigh, which isin close proximity to the end of
the aorta. Thisisin contrast to other peripheral measurement
sites, such asthe finger or foot. In these cases, the PTT, and the
subsequent PWV measure, is not dominated by the aorta
resulting in aless robust correlation to BP.

Human Subject Testing

Diastolic BP, systolic BP, SV, and SpO, are validated with
human subject data obtained from studies at the Rochester
Institute of Technology and the University of Rochester Medical
Center. Studies were performed under informed consent and
used protocols approved by each ingtitution’s Institutional
Review Board for Protection of Human Subjects. Genera
exclusion criteriafor all of the studiesinclude subjectswho are
less than 18 years of age, pregnant, weigh more than 180 kg,
cannot follow instructions in English, or have mechanical
circulatory support or impaired cognitive or functional status.
Each controlled study compares the capabilities of the seat to
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a clinical grade gold standard, quantitatively comparing the
accuracy of each measure.

For each of the following studies, recordings were captured in
alab or clinical setting. Subjects were instructed not to urinate
or defecate, not to talk, and to sit as they normally would in
their home when recordingswere captured. No other instructions
were given. As urination and defecation can shift BP, SV, and
HR, it isnot theintention of thiswork to analyze the physiologic
changes during urination or defecation but rather to track daily
trends at steady state. In futurein-home studies, algorithmswill
be developed to identify and reject periods of urination and

Conn et a

defecation through classification of motion artifacts and the
physiologic shifts associated with this change in state.

Prior to parameter estimation and feature extraction, each of
the signals undergoes a continuous signal quality check where
entire recordings may be rejected, and beats with abnormal
intervals are removed, since changes in the diastolic duration
and ventricular filling can significantly shift beat-by-beat BP
and SV, as described in Conn et a [24,28]. The demographic
information for the remaining subjects in each cohort, grouped
by measurement, are shown in Table 1.

Figure4. The ballistocardiogram (BCG) amplitude and timing vary greatly based on the cardiovascular state. Heart failure (HF) BCG waveforms have
amuch smaller amplitude when compared with the normal BCG waveform at rest and poststress.
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Figure 5. When characterizing the R-value for SpO, (peripheral oxygen saturation) estimation on the seat with controlled desaturation testing, the
R-curve slope matches literature and is the same across subjects. A different offset necessitates the use of a per-subject calibration for absolute SpO,
estimation. The shaded regions represent the acceptable level of error around the best fit line according to the | SO standard for pulse oximetry.
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Table 1. Demographic information for the cohorts used to validate each of the seat measures. These statistics only include data that have passed the

automated signal quality check.

Cohort Male (n) Age (years) Weight (kg) Height (cm) Body massindex (kglmz)
Diastolic BP? (n=12) 9 225(28) 76.1(13.5) 173.6 (9.3) 252 (3.6)
Systolic BP (n=11) 9 226 (2.9) 76.7 (13.9) 175.2 (7.9) 24.9 (3.5)
SvP Normative (n=38) 22 245 (5.6) 73.3(21.1) 171.8(7.6) 24.7 (6.2)
SV In-Clinic (n=111) 59 55.7 (16.4) 81.3(19.5) 170.6 (10.3) 27.8 (5.6)
$pO,° (n=11) 10 225(2.9) 77.6 (12.9) 173.9 (9.5) 25.6 (3.4)

3BP: blood pressure.
bsv: stroke volume.
€Sp0,: peripheral oxygen saturation.

Systolic and diastolic BPwas validated on 12 and 11 normative
(healthy) subjects, respectively, with no history of heart disease,
chronic obstructive pulmonary disease, diabetes, or peripheral
vascular disease. A single measurement session was used for
calibrating the blood pressure estimator. For each subject, a
maximum of 5 recordings was taken per week for atotal of 8
weeks. A maximum of 2 recordings was allowed per day with
aminimum of 4 hours separating subsequent recordings.

During in-home use of the seat, it cannot be guaranteed that the
subject will follow the recommendations of the American Heart
Association, where BP should be measured after the subject has
sat at rest for at least 5 minutes with their back supported by a
chair [40]. To ensure that the seat accurately measures the
subject’s BP during typical use, the gold standard measure of
brachial BP was captured from a hospital-grade vital signs
monitor (ProCare 400 Vital Signs Monitor, General Electric
Company) before, during, and after every seat recording, with
the average value compared to the seat estimate. As the PTT
measured from the seat is dominated by the aorta, the resulting
BP estimateis most related to central BP. While the differences
between central pressures and brachial pressures are variable
between individuals [41], the shifts in pressure will track
together within a single subject, allowing for a comparison to
brachial BP over time. This potential source of error ismitigated
by performing a per-subject calibration of the PWV model to
brachial pressures.

SV was validated on 38 normative subjects and 111 patients
undergoing a standard echocardiogram at the University of
Rochester Medical Center for any underlying condition,
including HF. For each of the subjectsin this cohort, areference
measure of SV was gathered at rest while the subject was supine
using an echocardiogram (Vivid i, General Electric Company).
SV was calculated from the velocity time interval at the left
ventricular outflow tract using Doppler mode with all
estimations performed by a single cardiologist to eliminate
interobserver variability. The seat data were gathered during
the same session while a rest and compared to the
echocardiogram measure of SV.

SpO, was validated on 11 normative subjects with no history

of heart disease, chronic obstructive pulmonary disease,
diabetes, or peripheral vascular disease. A single calibration
session was used to cal cul ate the subject-specific R-curve of fset.

http://mhealth.jmir.org/2019/1/€12419/

For each subject, a maximum of 5 recordings was taken per
week for atotal of 8 weeks. A maximum of 2 recordings was
allowed per day, with a minimum of 4 hours separating
subsequent recordings. A gold standard measure of SpO, was
captured from a hospital-grade vital signs monitor (ProCare
400 Vital Signs Monitor) before and after every recording. The
average SpO, value was used to determine the accuracy of the
seat estimate.

Results

Blood Pressure Estimates Robustly Correlateto Gold
Standard

The Bland-Altman plotsin Figure 6 demonstrate that diastolic
(left) and systolic (right) BP estimates compare favorably to a
clinical gold standard. Additional recordingswere automatically
rejected for systolic BP (N=89) compared to diastolic BP
(N=112) because signa quality requirements are more stringent
for systolic BP. The resulting error for the diastolic BP is 1.2
(SD 6.0) mm Hg and the resulting error for the systolic BP is
—2.7 (SD 6.6) mm Hg. These results exceed the Association for
the Advancement of Medical Instrumentation (AAMI) standards,
which require all measurements across every subject to have
an accuracy lower than £5 (SD 8) mm Hg [42]. For visuaization
on the Bland-Altman plotsin Figure 6, the required SD hasbeen
converted to alimits of agreement (SD multiplied by 1.96) and
is shown as a shaded region around the mean. These data
demonstrate that the seat is capable of tracking shiftsin blood
pressure over time without recalibration.

When the estimation error is stratified by body mass index
(BMI), the seat’s estimate of BP dightly overestimatesdiastolic
BP and underestimates systolic compared to the gold standard
for larger BMIs. This trend is more significant for the systolic
BP estimate. The error in estimating both systolic and diastolic
BP stratified by BMI for this cohort is shown in Table 2.

Accurate Stroke Volume Estimation Acrossa L arge
and Diver se Population

The seat estimate of SV is compared to the echocardiogram in
aBland-Altman plot (Figure 7). The mean and SD of the heart
rate acrossall subjectsin thiscohort is74.3 (SD 12.4) bpmwith
arange of 47.8 bpm to 113.2 bpm. Literature indicates that the
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limits of agreement (1.96 SD) for an echocardiogram
Doppler-based measure of SV is35.2 mL when calculated from
the velocity time integral [43,44]. This is shown as a shaded
region in Figure 7. Similarly, the limits of agreement for SV
calculated using a cardiac MRI compared to thermodilution is
22 mL [45]. These compare favorably with the seat estimate of
SV across adiverse population with limits of agreement of 30.4
mL when compared to an echocardiogram (Figure 7). When
stratified by BMI, the limits of agreement are as follows: 15.3
mL (N=4) for aBMI lessthan 18.5, 26.6 mL (N=56) for aBMI
between 18.5 and 25, 34.6 mL (N=56) for a BMI between 25
and 30, and 29.5 mL (N=33) for aBMI over 30. Thisindicates
that the ability of the seat to estimate SV is not significantly
impacted by BMI.

Conn et a

Consistent Estimation of Peripheral Blood Oxygenation
The Bland-Altman plot in Figure 8 shows the accuracy of the
seat’s estimate of SpO, compared to the gold standard for 91
data points collected from 11 subjects over aperiod of 8 weeks.
The resulting root mean square error (Agus) Of the seat estimate
of SpO, compared to the gold standard is 2.3%. This exceeds
the accuracy required by the 1SO standard for SpO,
(Armsmax=3.5%) [46]. Assuming azero mean for visualization
purposes, the required Agysuwax can be converted to a limits
of agreement (shaded region in Figure 8) by multiplying by
1.96.

Figure6. Thetoilet seated—based cardiovascular monitoring system has been shown to accurately measure blood pressure over an 8-week period. Both
the diastolic (left) and systolic (right) blood pressure (BP) estimates from the seat exceed the accuracy required by the Association for the Advancement
of Medical Instrumentation (AAMI) standard converted to alimits of agreement (shaded regions).
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Table 2. Error in blood pressure estimation for this cohort stratified by body massindex at the time of calibration (no subjectsin this cohort had a body

mass index lower than 18.5 kg/mz).

BMI? range Diastolic (mm Hg) Systolic (mm Hg)

n mean (SD) n mean (SD)
18.5<BM1<25.0 52 -0.1(6.5) 49 -1.8(7.1)
25.0<sBM1<30.0 50 2.0(5.4) 34 —-35(5.8)
30.0<BMI 10 3.6 (4.4) 6 -5.6(5.3)

3BMI: body mass index; expressed in kg/mz.
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Figure7. The seat estimate of strokevolume (SV) strongly correlatesto the echocardiography measure of SV measured from the | eft ventricular outflow
tract (LVOT). In comparison, the literature shows that the echocardiogram SV measure has alimits of agreement of 35.2 mL (shaded region) compared
to an arteria gold standard.
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: : BP, SV, and SpO, compared to their respective clinical gold
Discussion standards (Table 3). Results show that SV can be estimated
Principal Results absolutely with an accuracy comparable to the echocardiogram,
which isthe most commonly used method for measuring SV.

Thiswork demonstrates that a toilet seat—based cardiovascular
monitoring system can robustly measure systolic and diastolic
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Table 3. Principa results for each of the seat measures compared to their respective clinical gold standards.

Arms® SPO,Y (%; n=91)

Metric Diastolic BP* (mm Hg; n=112) ~ Systolic BP (mm Hg; n=89) svP (mL; n=149)
Error 1.2 (6.0) -2.7(6.6) —2.5(30.4)° 2.3
Target +5.0(8.0) +5.0(8.0) +2.0(35.2)¢ 35

3BP: blood pressure.
bsv: stroke volume.
CARMs: root mean square error.

dSpOZ: peripheral oxygen saturation.
®Error and target presented as limits of agreement (1.96*SD).

Both systolic and diastolic BP can be measured in a normative
population over a period of 8 weeks using the ECG, BCG, and
PPG with a per-subject calibration within the AAMI standards
[42]. The seat is capable of measuring a subject’s SpO, using
a reflectance mode pulse oximeter positioned to make contact
with the upper thigh with a single-point calibration for each
subject. The single-lead ECG, HR, HRV, QRS duration, and
corrected QT interval have been previously validated [24].

Limitations and Future Work

One limitation of this work is that the seat-based system has
not been used extensively in the home setting. In each of these
studies, the seat was set up for automatic detection and data
acquisition upon subject use with unattended data transmission
to a cloud database. There was no use of lab or clinic
infrastructurefor gathering seat data, and the seat was deployed
exactly as it would be in the home. While BP and SpO, were
measured over multiple weeks, the majority of subjects did not
show significant shiftswithin thistimeframe. Another limitation
of the work isthat the limits of agreement for SV issimilar to
that of the echocardiogram. It is unknown whether the errorsin
the estimation of SV are dueto the seat or the echocardiographic
measure of theleft ventricular outflow tract area. Assuch, future
studieswill comparethe seat’s estimate of SV to agold standard
cardiac MRI.

Futurework will initially focus on larger scale studiesto validate
BP and SpO, across a broader population. As urination and
defecation can shift BR, SV, and HR, detection algorithms will
be developed and validated to remove these states from the
analysis, ensuring that accurate daily trends at steady state are
captured. Subject identification using biometricsto enabletruly
passive monitoring in a multiple person household will also be
developed. Additionally, the possibility of removing the
per-subject calibration required for BP and SpO, estimation
will beinvestigated through theincorporation of easily measured

Acknowledgments

subject-specific information (eg, thigh thickness). Body weight
measurements on the seat have not yet been verified. Future
studies will investigate the ability of machine learning to
estimate body weight based on posture and body type. This
work and the aforementioned future studies will lead to a
2-phased clinical trial where an alert-based system for early
detection of deterioration will be developed with in-home seat
dataand subsequently validated with the goal of demonstrating
areduction in HF hospitalization rates.

Broad I mpact

Thetoilet seat—based cardiovascular monitoring system hasthe
potential fill agap in patient monitoring by capturing trend data
that has been previously unattainable. This system has the
potential to address many of the challenges with in-home
monitoring in aform factor that integratesinto the daily routine
of patients, bypassing barriers to adherence and providing a
comprehensive and accurate set of clinically relevant
measurements. In addition to in-home monitoring, a secondary
use for this device includes monitoring of patients in the
hospital. While BP and SpO, are routinely monitored, daily
measurements of SV and CO can be used to provide additional
insights into the effectiveness of ongoing treatments.

Such a device may enable new approaches and capabilitiesin
the diagnosis and treatment of cardiovascular disease, including
but not limited to those with HF. After further demonstration
of the measurement capabilities of the seat, this device will be
uniquely positioned to advance an automated al ert-based system
that could be part of a broader interventional strategy in future
clinical trials, with the goal of reducing HF hospitalizations. If
successful, this strategy has the potential to reduce the burden
of HF and cardiovascular disease on the health care industry as
well as improve the quality of life for patients. Through the
successful development, deployment, and integration with
clinical practice, this device could facilitate the transition from
areactive to proactive-based approach to health care.
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