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BACKGROUND: There is a need for simple, noninvasive solutions to remotely monitor and predict worsening heart failure (HF) 
events. SCALE-HF 1 (Surveillance and Alert-Based Multiparameter Monitoring to Reduce Worsening Heart Failure Events) 
is a prospective, multicenter study that will develop and assess the accuracy of the heart function index—a composite 
algorithm of noninvasive hemodynamic biomarkers from a cardiac scale—in predicting worsening HF events.

METHODS: Approximately 300 patients with chronic HF and recent decompensation will be enrolled in this observational study 
for model development. Patients will be encouraged to take daily cardiac scale measurements.

RESULTS: Approximately 50 HF events, defined as an urgent, unscheduled clinic, emergency department, or hospitalization for 
worsening HF will be used for model development. The composite index will be developed from hemodynamic biomarkers 
derived from ECG, ballistocardiogram, and impedance plethysmogram signals measured from the cardiac scale. Biomarkers 
of interest include weight, peripheral impedance, pulse rate and variability, and estimates of stroke volume, cardiac output, 
and blood pressure captured through the cardiac scale. The sensitivity, unexplained alert rate, and alerting time of the index in 
predicting worsening HF events will be evaluated and compared with the performance of simple weight-based rule-of-thumb 
algorithms (eg, weight increase of 3 lbs in 1 day or 5 lbs in 7 days) that are often used in practice.

CONCLUSIONS: SCALE-HF 1 is the first study to develop and evaluate the performance of a composite index derived from 
noninvasive hemodynamic biomarkers measured from a cardiac scale in predicting worsening HF events. Subsequent studies 
will validate the heart function index and assess its ability to improve patient outcomes.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT04882449.
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Despite advances in medical and device therapies, 
worsening heart failure (HF) is a major source of 
patient morbidity and mortality as the number of 

hospitalizations for HF and associated readmissions 
remain high and are costly to the health care system.1 
Reducing the HF hospitalization burden and increasing 
healthy days at home is a priority for many national health 
systems. Furthermore, the Center for Medicare and Med-
icaid services is shifting toward the hospital-at-home 

concept, which will require advancements in remote 
monitoring devices to achieve better care of patients with 
HF in the home setting.2

Achieving and maintaining euvolemic status is a key 
goal for both patients and clinicians in the management 
of HF and reducing worsening HF. Approximately 90% 
of HF hospitalizations can be attributed to a hypervol-
emic state requiring urgent intravenous diuresis.3 Close 
observation of and rapid response to changes in early 
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physiological indicators of worsening HF are essential 
in achieving or maintaining euvolemia to prevent decom-
pensation events. Clinical signs and symptoms of HF 
decompensation are preceded by an increase in filling 
pressures, autonomic adaptation, and resultant cardiac 
function and total fluid content changes (Figure 1).5 
Weight monitoring is the current noninvasive standard of 
outpatient care for a vast majority of patients with HF. 
The 2022 American College of Cardiology Foundation/
American Heart Association guidelines include a class 1 
recommendation for serial weight monitoring along with 
jugular venous estimation and assessment of peripheral 
edema or orthopnea to assess volume status.6 However, 

weight alone is neither sensitive nor specific in predicting 
worsening HF status.7

There is a need for more user-friendly, accessible, and 
scalable noninvasive remote monitoring tools to identify 
these earlier signs of decompensation. This article will 
describe the Bodyport cardiac scale and the develop-
ment of the composite Bodyport heart function index in 
the SCALE-HF 1 study (Surveillance and Alert-Based 
Multiparameter Monitoring to Reduce Worsening Heart 
Failure Events). This prospective, multicenter, observa-
tional study was designed to develop and evaluate the 
accuracy of the heart function index—a composite model 
of hemodynamic biomarkers from the Bodyport cardiac 
scale—in predicting HF decompensation events.

CURRENT REMOTE MONITORING OF HF 
STATUS
While traditional weight monitoring is highly accessible 
and of low cost, weight changes are often late manifes-
tations of cardiac decompensation, and routine weight 
monitoring has not been shown to reduce the risk of hos-
pitalization.7 Wearable devices such as remote dielectric 
sensing and adhesive patches allow for remote cardiac 
monitoring via biomarkers of lung fluid content, electro-
cardiography, and physical activity, among others, but are 
limited by the need for patients to adopt new, often cum-
bersome, behaviors.8,9 For example, adhesive patches are 
limited by skin irritation, adherence, and are most useful 
for monitoring over short time periods.

Invasive methods, such as pulmonary artery pressure 
sensors, allow for remote measures of clinical congestion 
and titration of HF therapy resulting in reduced HF hospi-
talizations, but their widespread use is limited by the need 
for an invasive procedure, a relatively narrow indication for 
use, a hospitalization for HF or elevated brain natriuretic 
peptides, and high cost of implantation.10–12 The GUIDE-
HF study (Haemodynamic-Guided Management of Heart 
Failure) demonstrated that hemodynamic-guided man-
agement reduced HF hospitalizations in the pre–COVID-
19 analysis but not in the overall analysis, among patients 
with New York Heart Association class II to IV symp-
toms.13 Certain cardiac resynchronization therapy defi-
brillators and implantable cardioverter defibrillators allow 
for monitoring metrics such as heart rate, heart sounds, 
respiration rate, activity, and thoracic impedance, among 
other signals and can predict HF events with a median 
lead time of 34 days.14 However, the clinical efficacy of the 
predictive algorithm needs to be determined, and its use 
is limited to patients with implantable devices and HF with 
reduced ejection fraction.15 The MANAGE-HF study (Mul-
tiple Cardiac Sensors for Management of Heart Failure) 
will assess the clinical effectiveness of remote monitoring 
of HF patients with implanted certain cardiac resynchro-
nization therapy defibrillators or implantable cardioverter 

WHAT IS NEW?
•	 Patients with heart failure are recommended to take 

daily standing weight measurements to monitor 
heart failure status.

•	 In the SCALE-HF 1 study (Surveillance and Alert-
Based Multiparameter Monitoring to Reduce Wors-
ening Heart Failure Events), we are evaluating a 
novel weight scale that also measures multiple 
hemodynamic parameters that may be useful in 
monitoring heart failure status.

•	 Longitudinal data collected in this study will be 
used to develop and evaluate the accuracy of the 
heart function index—a multiparameter composite 
score for predicting worsening heart failure.

WHAT ARE THE CLINICAL IMPLICATIONS?
•	 The heart function index could provide an accurate, 

early prediction of heart failure exacerbations with-
out the need for implantable or wearable devices.

•	 Future studies will validate the heart function index 
and assess its ability to guide more timely interven-
tions that may improve outcomes for patients with 
heart failure.

Nonstandard Abbreviations and Acronyms

BNP		  B-type natriuretic peptide
GUIDE-HF		� Haemodynamic-Guided Manage-

ment of Heart Failure
HF		  heart failure
HFpEF		�  heart failure with preserved  

ejection fraction
MANAGE-HF	� Multiple Cardiac Sensors for  

Management of Heart Failure
NT-proBNP	� N-terminal pro-B-type natriuretic 

peptide
SCALE-HF 1	� Surveillance and Alert-Based  

Multiparameter Monitoring to Reduce 
Worsening Heart Failure Events
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defibrillators cardiac devices that contain the HeartLogic 
software.16 Patients with HF with preserved ejection frac-
tion (HFpEF) account for the growing prevalence of HF 
and are not currently eligible for these solutions.17

Recent solutions leverage a multiparameter approach 
to successfully predict HF events given the complexity of 
HF and the improved model performance from incorporat-
ing complimentary physiologic signals.14,18 With this cur-
rent landscape for remote HF monitoring, there is a need 
for noninvasive, user-friendly, affordable, and scalable 
solutions along with rigorous clinical validation to prove 
their effectiveness. The Bodyport cardiac scale and heart 
function index may provide a convenient and accessible 
solution that requires patients to only take a daily step on 
the scale—a behavior they are already familiar with.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Bodyport Cardiac Scale
Overview
The Bodyport cardiac scale provides an innovative and noninva-
sive approach to obtain clinically relevant hemodynamic param-
eters. The scale is a physical platform on which the user stands 
with bare feet for ≈20 to 30 s and is notified to step off once 
the measurement is complete (Figure 2). This form factor lever-
ages the existing and familiar behavior in patients with HF of 
taking daily weight measurements, minimizes natural frictions 
associated with technology adoption, and follows current clinical 
guidelines and practices that encourage daily self-weighing.19 
The scale utilizes cellular network connectivity, instead of WiFi 
or Bluetooth, for transmission of measurement data. This fea-
ture simplifies the setup process and improves access to care 
for patients who may not have internet or smartphone access, 
a growing public health concern accompanying the growth of 

telemedicine.20 All biomarker data are immediately uploaded 
after a measurement over the cellular connection and the heart 
function index is automatically calculated and provided to clini-
cians on a web-based dashboard. The application programming 
interface is compatible with integration into remote monitoring 
platforms and electronic health record software.

The scale measurement captures several physiological 
parameters including weight, ECG, impedance plethysmogra-
phy, and ballistocardiography signals. These signals will be used 
in the SCALE-HF 1 study to develop the Bodyport heart func-
tion index—a multivariable algorithm to predict worsening HF 
events. Combining the individual biomarkers into a composite 
heart function index will likely provide the benefit of improved 
interpretability for care providers and improved model accuracy 
by simultaneously assessing multiple physiological parameters 
pertinent to the disease state. As a precedent, the multiparam-
eter approach has been successfully deployed with implantable 
cardioverter defibrillators/certain cardiac resynchronization 
therapy technologies to predict worsening HF events.14,18

As the user stands with bare feet, dry electrodes located 
on the surface of the scale obtain 2 biological signals from the 
user’s body. The first is a single-lead ECG measured between 
the feet. Impedance plethysmography measures the pulsatile 
blood flow and is determined by measuring small changes in 
the electrical impedance of the lower extremities. The ballisto-
cardiography signal is indicative of the mechanical function of 
the heart and is obtained by measuring the small forces exerted 
on the body by each contraction. Table 1 details a list of some 
of the biomarkers that can be obtained from the Bodyport car-
diac scale. This provides a foundational framework for model 
development in the SCALE-HF 1 study.

Cardiac Scale Sensors
Ballistocardiography
Ballistocardiography aims to measure the effects of the cycli-
cal hemodynamic forces transmitted from the heart with each 
cardiac systolic ejection.23 Sensitive, high-bandwidth pressure 
sensors embedded in the scale are capable of measuring this 
signal. This is analogous to well-described clinical observations 

Figure 1. Pathophysiology of 
congestion and decompensation.
Clinical symptoms such as weight gain 
are detectable only a few days before 
a heart failure (HF) event. Fluid buildup 
is detectable about 7 days prior and 
changes in hemodynamics occur 3 
weeks before an HF event. Adapted from 
Adamson4 with permission. Copyright 
©2023, Springer Nature.
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such as accentuated movements of the head in conditions 
like chronic aortic regurgitation. The ballistocardiography wave 
is typically composed of systolic I, J, and additional diastolic 
waves. The I wave represents the movement of blood through 
the inlet of the ascending aorta, and the J wave captures the 
movement of blood down the descending aorta.

Impedance Plethysmography
Impedance plethysmography measures the electrical resis-
tance of the lower body and is modulated by changes in body 
water and blood flow to the lower part of the body. It applies 

Ohm relationship to the lower extremities. The scale injects 
a clinically undetected and safe current between the feet of 
the patient and measures the resulting electrical potential. 
The impedance signal is captured at multiple frequencies 
to enable the measurement of fluid in both extracellular and 
intracellular compartments. Understanding the proportion 
of fluid that is extracellular may be important in interpret-
ing peripheral fluid levels and identifying subclinical or clini-
cal edema. The peripheral fluid status may be an important 
clinical correlate for HF patients not captured by traditional 
weight measurements.

Table 1.  Biomarkers Measured by the Bodyport Cardiac Scale

Congestion markers Clinical relevance 

Body weight Increasing body weight is a surrogate for fluid overload.

Multifrequency impedance vector Peripheral fluid accumulation/musculoskeletal state help determine the underlying cause of changes 
in weight. The scale enables the measurement of intracellular and extracellular fluid levels.

Perfusion markers Clinical relevance

Pulse rate An increase in pulse rate may be a sign of increased sympathetic tone, a degree of cardiac  
compensation, or an arrhythmia.

Pulse rate variability Measure of cardiac autonomic control, often abnormal in HF.

SV Volume of blood ejected by the heart per minute, low SV is present in all forms of HF and  
decreases during periods of deterioration.

Cardiac output Volume of blood ejected by the heart per minute, a key indicator of cardiac efficiency.

Central mean arterial pressure Elevated central blood pressure is common in HF and can decrease during decompensated HF 
states. A measure of pressure in the aorta impacted by arterial stiffness.

LVET Time for the heart to pump blood out of the left ventricle. A lower LVET is an independent predictor 
of incident HF and increased risk of all events.21

PEP Measure of cardiac contractility and related to left ventricular preload. Prolongation of the  
preejection period reflects alterations in systolic function.

Systolic time ratio The PEP/LVET ratio is a correlate of ejection fraction, an important diagnostic criterion in HF.22

Other Clinical relevance

Center of pressure Measure of sway velocity and balance, used to determine orthostatic effects on hemodynamics.

HF indicates heart failure; LVET, left ventricular ejection time; PEP, preejection period; and SV, stroke volume.

Figure 2. Bodyport cardiac scale and data collection for various biomarkers. 
BCG indicates ballistocardiography; and IPG, impedance plethysmography.
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ECG
Two electrodes on the surface of the scale capture a single-
lead ECG, with a vector in the similar direction as lead I on a 
traditional ECG. The ECG signal derived from the feet is orders 
of magnitude smaller than the signal captured at the chest and 
is detectable through innovations in sensor and signal process-
ing incorporated into the scale.

Physiologic Measures of HF Decompensation 
and Scale Correlates
Congestion
While direct measures of cardiac congestion are not attainable 
on a routine basis, the cardiac scale allows for the measure-
ment of several surrogates.

Weight Change
Weight changes are captured by the scale, which in the acute 
setting are generally due to fluid accumulation. Used in isola-
tion and without context, weight changes are neither sensitive 
nor specific for worsening HF.7 Weight is often a lagging indica-
tor of worsening status, and many other factors may contribute 
to a patient’s weight change beyond fluid accumulation.

Fluid and Edema
In the case where a patient gains or loses weight, bioelectrical 
impedance vector analysis can be used to determine whether 
the change in weight was largely due to fluid changes or soft tis-
sue changes. This is useful for determining whether weight gain 
is secondary to fluid accumulation versus other factors, such as 
caloric intake. Patients with HF are at elevated risk for malnutri-
tion and malabsorption. Therefore, weight loss can be counter-
balanced by weight gain from fluid accumulation, making weight 
a deceiving metric. The bioelectrical impedance vector analy-
sis can help avoid these misleading weight interpretations and 
provide longitudinal measurements for fluid status and muscle 
mass to monitor for signs of malnutrition and cachexia. In clinical 
practice, fluid overload can be managed with augmented diure-
sis and uptitration of guideline-directed medical therapy.

The cardiac scale is Food and Drug Administration cleared 
for longitudinal assessment of fluid status through the mul-
tifrequency impedance vector measurement.24 The abil-
ity to measure the impedance vector at multiple frequencies 
enables discrimination between changes in extracellular fluid 
and changes in body composition. Performance data submit-
ted to Food and Drug Administration demonstrate that the 
impedance measurement is accurate in obese patients with 
body mass index >30 kg/m2. Further, the data showed an aver-
age decrease in impedance of 7Ω per 1 unit increase in body 
mass index, ≈1 order of magnitude less than the magnitude of 
change seen preceding an HF exacerbation (average decrease 
of 70Ω). As a result, it was concluded that there is minimal 
impact of body mass index on the ability to detect worsening 
fluid status using impedance-derived measures.

Figure 3 shows an example of a 66-year-old female patient 
with HFpEF, New York Heart Association class III, who was 
discharged from an HF admission within the prior week. Her 
fluid vector started to increase 21 days preceding a more grad-
ual 3-lb weight gain. After the 3-lb weight gain, she started 
to experience symptoms of lower extremity edema and dys-
pnea. She had a slower clinical decompensation than may be 

expected, possibly through mechanisms such as fluid accumu-
lation in the interstitium. She was ultimately hospitalized on day 
88 for an HF exacerbation and was treated with intravenous 
diuretics. Her fluid vector decreased in response to the intra-
venous diuresis and subsequent increase in her oral diuretic 
regimen. This example demonstrates the cardiac scale’s ability 
to monitor fluid status and the potential opportunity to intervene 
sooner compared with weight or symptom changes.

Perfusion
The cardiac scale can obtain metrics related to cardiac perfu-
sion such as pulse rate, pulse rate variability, stroke volume, 
cardiac output, central mean arterial pressure, left ventricular 
ejection time, preejection period, and systolic time ratio.

Pulse Rate and Pulse Rate Variability
The accuracy of the pulse rate measured by the cardiac scale 
was evaluated in a comparison study against heart rate derived 
from a single-lead (lead II) ECG reference device. Sixty-six 
participants (30 women and 36 men) with a mean age of 
48 years (range, 22–88 years) were included in the analysis. 
The 2 methods had a correlation coefficient of r=0.99 and a 
mean absolute error of 0.76 beats per minute. Pulse rate may 
increase preceding an HF event, and pulse rate variability is an 
established biomarker for assessing cardiovascular risk.

Stroke Volume and Cardiac Output
The accuracy of the scale-derived stroke volume and cardiac 
output was compared with the direct Fick method in patients 
undergoing an invasive cardiopulmonary exercise test at a ter-
tiary medical center for unexplained dyspnea. Thirty-two partici-
pants (9 men and 23 women) with a mean age of 51.7 years 
(26–78 range) and an array of underlying comorbidities (ie, HF, 
pulmonary artery hypertension, peripheral vasomotor abnormali-
ties) were included in the final analysis. Cardiac scale measure-
ments were taken immediately before (pre-exercise) and after 
(post-exercise) the invasive cardiopulmonary exercise test direct 
Fick measurements. Various signal features from the ballisto-
cardiogram, ECG, and impedance plethysmogram, such as the 
ballistocardiogram J-wave amplitude (correlates with pulse pres-
sure), the preejection period, left ventricular ejection time, and 
existing equations developed by Kubicek et al25 were used to 
create a multivariate regression model for stroke volume and 
cardiac output. The combined preexercise and postexercise 
stroke volume measured by the cardiac scale and the direct Fick 
method correlated with a coefficient of r=0.81 (P<0.001), mean 
error of 1.58 mL, and a 95% limits of agreement of −21.97 to 
18.81 mL. The cardiac output measurements correlated with a 
coefficient of r=0.85 (P<0.001), mean error of −0.31 L/min, and 
95% limits of agreement of −2.62 to 2.00 L/min (Figure 4).26

Central Mean Arterial Pressure
Central mean arterial pressure is the average pressure in a 
patient’s aorta during 1 cardiac cycle. It is a better indicator 
of perfusion to vital organs than systolic blood pressure and 
is generally associated with HF and cardiovascular mortal-
ity.27 The scale’s ability to measure the central mean arterial 
pressure was assessed via a comparison study to a reference 
device, SphygmoCor XCEL, an Food and Drug Administration–
cleared brachial blood pressure cuff that delivers an ascend-
ing aortic blood pressure waveform. Eighty-eight participants 
(49 men and 39 women) with a mean age of 42 years were 
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included in the final analysis. Each participant contributed up 
to 3 sequential measurements simultaneously with the refer-
ence device and the cardiac scale. The mean reference device 
central mean arterial pressure was 92 mm Hg with an SD of 20 
mm Hg, and 30 of 88 (34%) participants had a systolic blood 
pressure ≤100. The 2 methods had a Pearson correlation of 
r=0.75 and a mean error of −0.14 mm Hg (Figure 5).28

Left Ventricular Ejection Time and Preejection Period
Left ventricular ejection time represents the time it takes for 
blood to be ejected from the left ventricle, defined by the open-
ing and closing of the aortic valve. With cardiac deterioration 

such as in HF, the left ventricle has more difficulty producing 
the contractile force necessary to keep the aortic valve open, 
resulting in a decreased left ventricular ejection time and 
increased isovolumic contraction times. The left ventricular 
ejection time can be captured by this cardiac scale using the B 
and X points from the impedance plethysmogram (Figure 6A), 
which represent the opening and closing of the aortic valve. The 
preejection period is the time interval between the beginning 
of electrical depolarization and the start of ventricular ejection, 
representing ventricular contraction with the aortic valve closed. 
In patients with HF and a diminished contractile force, the pre-
ejection period may be prolonged. The preejection period can 

Figure 3. An example of a 66-year-old female patient with heart failure with preserved ejection fraction who was discharged 
from a hospitalization for heart failure within the prior week.
A, The patient’s fluid vector (impedance based). There is a gradual increase in the fluid vector exceeding 2 SDs compared with the mean of a 
healthy control population on day 14 (blue dotted line). A 3-lbs weight gain occurred on day 35 (black dotted line) and HF symptoms on day 41 
(yellow dotted line). The patient was hospitalized on day 88 (red dotted line) for an HF event, and oral diuretics were increased in the outpatient 
setting. B, The corresponding weight trend during the same time period. HF indicates heart failure; and IV, intravenous.
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be measured as the time interval between the R peak on the 
ECG and the I wave on the ballistocardiogram (Figure 6B). A 
preejection period to left ventricular ejection time ratio, referred 

to as systolic time ratio, >0.33 allows for the detection of a left 
ventricular ejection fraction of <45% with a sensitivity of 95% 
and specificity of 82% in patients with HF.21,22

Figure 5. Central mean arterial pressure (cMAP) assessments using the cardiac scale compared with a reference device, the 
SphygmoCor XCEL™ brachial blood pressure cuff. 
Left, Scatter plot with a linear regression line for the scale-derived and reference device cMAP measurements (n=252 data pairs from 88 
participants; r=0.75; mean absolute percent error, 9.6%). Right, Bland-Altman analysis plotting the bias (mean error of cardiac scale minus 
reference device) of −0.14 mm Hg and 95% limits of agreement (LOA) of −26.1 to 25.8 mm Hg (dotted lines).

Figure 4. The Bodyport cardiac scale shows high correlation with the gold standard direct Fick method.
Scatter plots with regression line for cardiac output (left) and stroke volume (right) measured with the scale and direct Fick method. Cardiac 
output (64 data pairs, r=0.85) and stroke volume (64 data pairs, r=0.81). Preexercise data are denoted with black circles and postexercise 
data with white circles.
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SCALE-HF 1 STUDY
Study Design
SCALE-HF 1 is a prospective, multicenter study that 
will use the cardiac scale biomarker data to derive the 
Bodyport heart function index—a multivariate algorithm 
for predicting worsening HF events. Worsening HF is 
defined as an urgent, unscheduled clinic or emergency 
department visit or hospital admission with a primary 
diagnosis of HF defined as worsening symptoms of HF 
on presentation, objective evidence of new or worsening 
HF, and received initiation or intensification of treatment 
for HF. Patients with HF, irrespective of ejection fraction, 
will be identified by participating sites and may be con-
sented and enrolled remotely, in clinic, or before hospital 
discharge. Follow-up visits will be remote and occur at 6 
weeks, 3 months, and then every 3 months until the end 
of the study. Participants may also be contacted by the 
site or study team at other time points for study issues 
such as suspected device malfunction or nonadherence 
with the cardiac scale. Patients will have visibility only to 
their own body weight on the scale display and their sub-
sequent weight from their last measurement. Clinicians 
will be blinded to all data collected from the scale. There 
will be no attempt to influence clinical practice. Enrolling 
centers will obtain site-specific institutional review board 
approval pursuant to local regulations. All patients are 
required to sign written informed consent before the col-
lection of any study data.

Study Population
Approximately 300 patients with HF and a history of 
hospitalization for acute decompensated HF in the past 
12 months will be enrolled. There will be limited inclu-
sion and exclusion criteria (Table 2) to ensure enrollment 
of a broad population of participants, which is critical for 
developing a model generalizable to patients with many 
different potential underlying comorbidities and sub-
types, irrespective of left ventricular ejection fraction. 
The proportion of patients enrolled with HF with reduced 
ejection fraction or HFpEF will be capped at no more 
than 2/3 of the total enrollment to ensure a balanced 
representation of these HF subtypes.

Study End Points
The primary end point of this study will be the identi-
fication of worsening HF. Symptoms of worsening HF 
include dyspnea, decreased exercise tolerance, fatigue, 
and other symptoms of worsened end-organ perfusion or 
volume overload. Objective evidence of new or worsen-
ing HF includes physical examination findings such as 
peripheral edema, pulmonary rales, crackles, increased 
jugular venous distention, abdominal distention or asci-
tes, S3 gallop, or significant weight gain thought to be 
secondary to fluid accumulation. Laboratory criteria 
include an elevated NT-proBNP (N-terminal pro-B-type 
natriuretic peptide) or BNP (B-type natriuretic peptide), 
radiological evidence of pulmonary congestion, and 

Figure 6. Assessment of left ventricular ejection time using the cardiac scale.
A, The LVET interval (blue) is calculated as the time interval between the B-point from the IPG signal and the X-point from the IPG derivative 
(ΔIPG). B, The PEP interval (pink) is the time interval between the R-peak from the ECG and the I-peak from the BCG signal. BCG indicates 
ballistocardiography; and IPG, impedance plethysmography.
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invasive or noninvasive evidence of elevated right- or 
left-sided filling pressures. Initiation or intensification 
of HF treatment includes augmentation of oral diuretic 
therapy, administration of intravenous diuretic or vasoac-
tive agents, mechanical/surgical circulatory support, or 
mechanical fluid removal. At each study visit, participants 
will be followed for possible clinical events and deaths. 
Medical record information regarding these clinical 
events and deaths will then be submitted to an indepen-
dent Clinical Events Committee, composed of physicians 
not taking part in the clinical study and trained to the 
standards and definitions of worsening HF criteria as 
defined in the Clinical Events Committee charter. The 
Clinical Events Committee is responsible for reviewing 
and adjudicating all reported events and will be blinded 
to all cardiac scale biomarker data.

Sample Size Determination
At least 50 HF events with sufficient cardiac scale data 
preceding the event will be necessary for model devel-
opment. Event usability will be determined by the num-
ber and quality of scale measurements preceding an 
HF event. Scale-derived biomarkers may be leveraged 
(Table 1) as model input parameters. It is estimated that 
no more than 5 biomarkers will be incorporated into 
the final model. To approximate the model development 
sample size, a conservative assumption of requiring 10 
events per predictor for model training was applied. An 
event rate of 25% is expected based on the popula-
tions being enrolled, which consists of a mix of postdis-
charge and general HF population with an HF event in 

the previous 12 months.1 This 25% event rate requires 
an enrollment of 200 patients to reach the target over 
the course of a year of data collection. To account for 
uncertainty in these assumptions, the sample size is fur-
ther increased by 50% to yield 300 patients resulting in 
≈75 HF events. It is expected that at least 50 HF events 
will have sufficient scale data preceding the event to be 
considered usable.

The model development will include training with 
cross-validation and will be compared to standard 
weight-only performance. According to a binomial distri-
bution assumption of sensitivity at a given alert rate, the 
CI around the sensitivity can be approximated using the 
Wilson score interval. For a sensitivity above 0.5 and a 
sample size of over 25, this corresponds to a 95% CI 
of <±0.2 around the estimated sensitivity. Given the ref-
erence weight-only approaches have typical sensitivity 
below 0.30, a validation set sensitivity of above 0.5 will 
ensure that the lower bound of the CI will exceed the 
sensitivity of weight-only approaches. This demonstrates 
that a sample size of 50 events should be sufficient for 
development and initial validation of performance. Further, 
the estimated number of events for model development in 
this study is comparable to the MultiSENSE study (Mul-
tisensor Chronic Evaluation in Ambulatory Heart Failure 
Patients) that included 50 usable HF events.14

RESULTS
Heart Function Index Development
Cardiac Scale Biomarker Selection
To optimize model simplicity and interpretability, a subset 
of the scale-derived biomarkers (such as those in Table 1) 
may be selected for inclusion in the final Bodyport heart 
function index. The most significant features will be 
identified by evaluating individual biomarker trends via 
univariate analysis leading up to an HF event. The bio-
markers with a strong predictive value will be selected for 
inclusion in the model building. The number of features 
used for model training may be further reduced through 
principal component analysis and recursive feature elimi-
nation. The selected individual features will be weighted 
and assessed relative to changes from the patient’s own 
baseline and population-level comparisons to create the 
heart function index.

Assessing the Heart Function Index Performance
To assess model performance and determine accurate 
event predictions and alerts, a time window before each 
HF event must be established. If a predicted event from 
the model occurs in the window, it will be assessed as 
correct (true positive), and if it occurs outside the win-
dow, it will be assessed as incorrect (false positive). A 
shorter prediction window provides less time for effec-
tive interventions, while a long window may result in a 

Table 2.  SCALE-HF 1 Study Eligibility Criteria

Inclusion criteria 

Provide informed consent before trial enrollment

Age ≥18 y

A diagnosis of HF including worsening HF in the preceding 12 mo as 
determined by local clinician-investigators, which will typically include HF 
symptoms (eg, dyspnea or fatigue), HF signs (eg, elevated jugular venous 
pressure or peripheral edema), laboratory/imaging evidence of HF during 
the event (eg, pulmonary congestion on chest radiograph or elevated natri-
uretic peptide levels), treatments targeting acute HF (eg, intravenous diuret-
ics, vasodilators, or inotropes)

Exclusion criteria

Weight >170 kg (375 lbs)

Use of chronic inotropic therapy

Prior heart transplant or currently listed for heart transplant

Chronic kidney disease requiring chronic dialysis

Unknown left ventricular ejection fraction

Terminal illness other than HF, such as malignancy, or with a life expectancy 
of <1 y as determined by the enrolling clinician-investigator

Unable to participate in longitudinal follow-up including daily use of the 
Bodyport scale. Patients must be able to stand independently on the scale

HF indicates heart failure; and SCALE-HF 1, Surveillance and Alert-Based 
Multiparameter Monitoring to Reduce Worsening Heart Failure Events.
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model that is risk stratifying the population for long-term 
events, rather than detecting an imminent decompensa-
tion event. To account for these concerns, the model’s 
performance will be evaluated using a range of windows 
centered around 15 days and up to ≈30 days before the 
event. HF-related events, defined as events that meet 2 
of 3 criteria for the primary end point of worsening HF or 
oral titration of diuretic therapy in the outpatient setting, 
will also be captured and used in evaluating the perfor-
mance of the heart function index. The final model will be 
evaluated using the area under the curve of the receiver 
operating characteristic, sensitivity, and specificity among 
other statistics. We will assess the performance of the 
heart function index in key patient subgroups including 
HF with reduced ejection fraction versus HFpEF and in 
those with advanced HF. The model’s performance will 
also be compared with the performance of simple weight-
based rule-of-thumb algorithms (eg, weight increase of 3 
lbs in 1 day or 5 lbs in 7 days) that are often used in clini-
cal practice. As part of SCALE-HF 1, we will collect data 
from other monitoring devices when available, including 
pulmonary artery pressure monitoring systems. These 
data will be used for exploratory analyses, and the data 
will not be incorporated into the Bodyport heart func-
tion index. Subsequent studies will validate the model 
and determine the clinical effectiveness of interventions, 
such as diuretic or guideline-directed medical therapy 
dose adjustments, based on the heart function index.

DISCUSSION
The preliminary feasibility studies evaluating the bio-
markers detailed in Table 1 support the potential use of 
this cardiac scale as a comprehensive tool for monitoring 
cardiovascular hemodynamic status. The SCALE-HF 1 
study is designed to rigorously determine whether this 
cardiac scale with the ability to measure ballistocardi-
ography, ECG, and impedance plethysmography signals 
can predict worsening HF events. The study is designed 
to be inclusive of both HFpEF and HF with reduced ejec-
tion fraction, with minimal exclusion criteria, to apply to a 
broad HF population. The Bodyport cardiac scale lever-
ages the existing behavior in patients with HF of taking 
daily weight measurements, minimizing natural friction 
associated with technology adoption. Continuous wear-
able sensors can be challenged by inconvenience and 
limited patient adoption. A 20- to 30-s daily scale mea-
surement optimizes patient usability and has the poten-
tial to integrate seamlessly into existing patient pathways 
and circumvent these barriers for adoption—a key point 
emphasized in the American Heart Association remote 
patient monitoring guidance statement.29 The noninva-
sive nature of the device is an advantage compared with 
invasive methods, such as pulmonary artery pressure 
sensors, and provides a scalable mechanism for remote 
cardiac monitoring.

The scale biomarkers will be utilized for model devel-
opment against adjudicated HF events. There is a pos-
sibility that other scale-derived biomarkers will be used 
in the final model. Following SCALE-HF 1, the Bodyport 
heart function index will need to be implemented in clinical 
practice to determine whether it can improve patient out-
comes. These studies have the potential to significantly 
improve remote cardiac monitoring and clinical outcomes 
for patients with HF and other cardiovascular conditions.

CONCLUSIONS
The Bodyport cardiac scale is a novel technology for 
remote-based cardiovascular monitoring. The analysis of 
ballistocardiography, ECG, and impedance plethysmog-
raphy signals allows for the assessment of important 
cardiovascular biomarkers related to cardiac congestion 
and perfusion. The scale form factor integrates into an 
HF patient’s established behavior of weight monitoring, 
minimizing any friction for technology adoption and maxi-
mizing patient adherence. The SCALE-HF 1 study will 
provide clinically adjudicated HF events for the devel-
opment of the Bodyport heart function index to predict 
worsening HF status. Future studies will be needed to 
determine the ability of heart function index–based clini-
cal interventions to improve patient outcomes.
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