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ABSTRACT: Congestive heart failure (CHF) encompasses both reduced and preserved ejection fraction
phenotypes. Modern management increasingly demands actionable insights into cardiac function beyond
standard vitals. Cardiac time intervals (CTIs), including mitral valve closure (MVC), aortic valve opening
(AVO), aortic valve closure (AVC), and mitral valve opening (MVO), as well as isovolumetric contraction
time (IVCT) and isovolumetric relaxation time (IVRT), offer a window into the electromechanical timing
of systole and diastole. These intervals provide clinically relevant markers of systolic function, diastolic
filling dynamics, and chamber compliance. In HFrEF (reduced ejection fraction), CTI monitoring captures
deterioration in contractile efficiency; in HFpEF (preserved ejection fraction), diastolic stiffness and
shortened filling times can be tracked. Remote CTI monitoring facilitates timely therapy adjustments,
prevents hospitalizations, empowers patients in their disease management, and provides clinicians with
early warning signals of worsening physiology. CTIs enable a comprehensive, non-invasive assessment of
cardiac chamber performance. This is especially relevant across the full spectrum of heart failure, including
both HFrEF and HFpEF. The ability to deliver precise cardiac timing data outside of traditional clinical
settings makes it a transformative tool for proactive, physiology-based heart failure management.

Keywords: Heart failure (HF); Acute decompensated heart failure (ADHF); Multiple cardiac chamber
performance; Cardiac time interval (CTIs); NT-proBNP; Remote management; Wearable device; Non-
invasive monitoring

1. Introduction

Heart failure (HF) is a global epidemic affecting over 60 million people and imposing high healthcare
burdens. Early detection of cardiac decompensation and tailored therapy adjustments are crucial to
improving outcomes. Traditional monitoring, such as symptom onset, weight gain, and blood pressure
changes, has limitations in sensitivity and timeliness of intervention, and is generally a late-stage fluid
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marker. Invasive hemodynamic sensors like the CardioMEMS® pulmonary artery (PA) pressure monitor
have shown reduced hospitalizations in both HFrEF and HFpEF by detecting pressure rises weeks before
overt symptoms. However, these require implantation and are primarily geared towards fluid
management/congestion monitoring, but do not directly provide data on other aspects of HF, such as
contractility or possible HF-related etiologies.

Recent advances in non-invasive wearables allow measurement of cardiac time intervals (CTIs), the
timings of key cardiac events, as novel markers of cardiac chamber performance. Changes in CTIs have
been linked to systolic and diastolic dysfunction. This narrative review examines the physiological
relevance of CTIs (mitral valve closure/opening, aortic valve closure/opening, isovolumetric
contraction/relaxation times), how they reflect chamber performance, and how they can be monitored
remotely. Articles in this review deemed pertinent regarding CTI’s were included, as well as landmark
studies evaluating other adjunctive detection modalities assessing early cardiac decompensation. CTIs
enable the evaluation of multiple cardiac chamber performance, including contractility, relaxation, and
ejection timing, providing real-time insight that enables earlier detection of deterioration, better therapy
guidance, and proactive care without the need for invasive procedures. Additionally, this review compares
current commercially available products with their use in the real world of heart failure to a novel device,
the HEMOTAG system, currently completing an NHLBI-sponsored multi-site prospective trial evaluating
how the utility of CTI’s compares to currently used hemodynamic monitoring systems [1-4].

2. Cardiac Time Intervals: Definitions and Physiological Significance

Cardiac time intervals (CTIs) are the durations between specific events in the cardiac cycle, typically
the time differences between valve openings and closures. They encode information about systolic
contraction, ejection, and diastolic relaxation of the heart, offering indirect but precise markers of
contractility, preload, afterload, and relaxation (Table 1).

Table 1. Summary of cardiac time interval events.

Event/Interval Timing in Cardiac Cycle Physiological Significance [5].
Onset of ventricular systole; end of LV filling [6]. Abnormal delay or
advance in closure may indicate impaired diastolic function or elevated

Mitral Valve Closure  Closure of mitral valve at

MVC d-diastol .
( ) end-diastote filling pressures [7].
Isovolurr.letrlc. From MVC to aortic valve Dura.tlon of LV pressure l?ulld-up before .ejectlon. Short. IVCT .1rnphes
Contraction Time opening (AVO) efficient pressure generation by the ventricle. Prolongation indicates
(IVCT) pening impaired contractility or increased afterload [8].
. . Opening of aortic val o . . . .
Aortic Valve Opening PERRE O A0THE valve . Start of LV ejection; end of isovolumetric contraction. Delayed aortic
when LV pressure > aortic . . .- .
(AVO) pressure opening can signal reduced contractility, Correlates with afterload [6].
Left Ventricular From AVO to aortic valve Duration of systolic ejection. Shortens with reduced stroke volume or
Ejection Time (LVET) closure (AVC) tachycardia [9,10].
Aortic Valve Closure  Closure of aortic valve at  End of systole; onset of diastole [5,11]. Delayed AVC indicates high
(AVC) end-systole (S2 sound) afterload, abnormal systolic unloading or altered aortic compliance
Isovolumetric . Duration of LV relaxation before filling. Prolongation indicates impaired
. . From AVC to mitral valve . . . . .
Relaxation Time opening (MVO) relaxation, while a short IVRT is sign of elevated filling pressures (i.e.,
(IVRT) pening congestion) [12,13].
. . Opening of mitral valve Start of diastolic filling; end of isovolumetric relaxation. Delayed or
Mitral Valve Opening .
(MVO) when LV pressure falls shortened MVO often suggests elevated left atrial pressure and reduced
below LA pressure ventricular compliance [6].
Diastolic Filling Time MVO to next MVC (diastole Available time for ventricular filling; can be shortened at high heart
DFT duration rates, reduced preload, and elevated atrial pressure [14,15].
( p p

LV—Ileft ventricle.
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Effective surveillance of heart failure progression is central to preventing avoidable deterioration.
When early physiologic worsening is not detected, patients may present later with symptomatic congestion
and require hospitalization (Figure 1A). Heart failure is a chronic syndrome in which the heart cannot fill
and/or eject blood adequately to meet the body’s needs. The resulting rise in cardiac filling pressures and
reduced forward flow can trigger fluid accumulation in the lungs and peripheral tissues, leading to dyspnea,
exercise intolerance, fatigue, edema, and weight gain. Episodes of “decompensation” often evolve over
days to weeks and may be preceded by measurable shifts in intracardiac hemodynamics, changes in preload
(venous return and ventricular filling), afterload (arterial load the ventricle must pump against), and
contractility (intrinsic pumping strength) (Figure 1B). Tracking these parameters either directly or via
validated physiologic surrogates may support earlier recognition of deterioration, more individualized
titration of diuretics and guideline-directed therapies, and timelier intervention before severe congestion
and hospitalization occur.

Figure 1C illustrates a normal sequence of these events on an electromechanical timeline. The mitral
valve closure (MVC) coincides with the first heart sound (S1) and marks the beginning of systole. The
interval from MVC to AVO is the isovolumetric contraction time (IVCT), during which the ventricles
contract with all valves closed, rapidly raising intraventricular pressure. A longer IVCT suggests that the
ventricle is taking extra time to generate sufficient pressure to open the aortic valve, often due to weakened
contractility or increased afterload [8]. Aortic valve opening (AVO) initiates the ejection phase; the duration
from AVO to aortic valve closure (AVC) is the left ventricular ejection time (LVET). Shortened LVET can
reflect reduced stroke volume (as in severe systolic dysfunction) or excessive tachycardia limiting ejection
time. Aortic valve closure (AVC), corresponding to the second heart sound (S2), marks the end of systole
and the start of diastole. The interval from AVC to mitral valve opening (MVO) is the isovolumetric
relaxation time (IVRT), representing the time for active myocardial relaxation and pressure drop before the
mitral valve reopens. Prolonged IVRT is a hallmark of diastolic dysfunction, indicating a stiff ventricle
slow to relax (often seen in HF with preserved EF). Short IVRT is a sign of elevated filling pressures (i.e.,
congestion). Post-diuretic results in [VRT normalization, providing a marker of decongestion and improved
diastolic dynamics [16]. This makes IVRT a useful non-invasive parameter for monitoring response to
diuretic therapy, especially in HFpEF, where traditional markers (like weight or jugular venous pressure)
can be less sensitive. Finally, mitral valve opening (MVO) begins ventricular filling; the length of diastole
(from MVO to the next MVC), Diastolic Filling Time (DFT), determines left vertical filling time and can
be compromised in HF by high heart rates or poor relaxation.

The typical course of heart failure
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Figure 1. (A). Typical Patient Course in Congestive Heart Failure; (B). Pulmonary artery pressures leading up to symptomatic
heart failure decompensation; (C). Multi-channel phonocardiography (PCG) and electrical activity traces with annotated cardiac
time intervals. Key fiducial points include Q wave, mitral valve closure (MC on PCQ), aortic valve opening (AO), aortic valve
closure (AC), aortic valve closing (AC), mitral valve opening (MO), and are indicated.

Physiologically, these CTIs provide quantitative metrics of cardiac performance. Systolic time
intervals have long been used as proxies for contractile function. For example, the pre-ejection period (PEP),
often defined as the interval from electrical depolarization (Q wave) to AVO, prolongs as left ventricular
(LV) contractility declines or as afterload increases. Meanwhile, LVET tends to shorten in severe systolic
dysfunction or when stroke volume is reduced. The systolic time ratio (STR), PEP/LVET, is a classic
composite index of systolic performance: a higher PEP/LVET (indicating a disproportionately long
isovolumic phase relative to ejection duration) correlates with worse LV ejection fraction. Weissler et al.
termed this ratio the Contractility Coefficient, finding that it inversely correlates with LVEF. A normal
PEP/LVET is roughly <0.3, whereas values > 0.3 suggest markedly depressed systolic function [17].

Diastolic intervals are equally informative. A prolonged IVRT denotes slow LV pressure decay and
delayed relaxation, often corresponding to elevated filling pressures and a noncompliant ventricle (e.g., in
HFpEF). Indeed, increased late-systolic load (as from arterial stiffening in HFpEF) can prolong overall
systolic duration and delay the onset of ventricular relaxation. A shortened diastolic filling time, especially
at higher heart rates, can impair preload—a particular concern in HFpEF, where the ventricle requires ample
filling time due to reduced compliance. Thus, CTIs collectively reflect both systolic performance (through
MVC, AVO, IVCT, LVET) and diastolic function (through AVC, MVO, IVRT, DFT), as well as the
coordination of cardiac cycle events.

Traditionally, CTIs were measured via imaging or specialized physiology recordings.
Echocardiography (M-mode or Doppler) is considered a gold standard for capturing valve event timings
[18]. Classic analog methods combined phonocardiography (heart sounds) and carotid pulse tracings with
ECG to derive systolic time intervals noninvasively. These methods established normal ranges (e.g., normal
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IVCT on echo ~20-40 ms, IVRT ~60-100 ms, efc.) and demonstrated that prolongation of CTIs is a marker of
ventricular dysfunction. However, serially measuring CTIs outside the clinic was impractical until the
development of modern sensor technology. Recent advances in high-fidelity wearable sensors, signal processing,
and Al now enable CTI measurement at home, providing a potential early-warning tool for HF management.

3. Clinical Applications Across the HF Spectrum

A notable strength of CTI monitoring is its applicability to both major HF phenotypes: heart failure
with reduced ejection fraction (HFrEF) and heart failure with preserved ejection fraction (HFpEF). In
HFrEF (reduced EF), with impairment of systolic function, one expects prolonged IVCT and PEP, reduced
LVET, and often the presence of a third heart sound or other acoustic markers of dilated ventricles. These
changes can be tracked. For instance, as a patient’s EF improves with therapy such as reverse remodeling
with GDMT, the Systolic Time Ratio should decrease toward normal, and IVCT may shorten. Conversely,
an acute drop in EF would prolong these intervals. In HFpEF, EF is normal, but filling is impaired, and
CTIs can reveal the diastolic etiology [19]. A patient with HFpEF might have a relatively normal IVCT and
ejection time, but an IVRT that is prolonged (relaxation abnormalities), and an S3 sound from abrupt
deceleration of blood is present in early diastole. Mitral Valve Closure (MVC) helps determine if the filling
phase is prematurely terminated, which may occur in stiff ventricles as seen in patients with HFpEF. Altered
timing may suggest elevated LV end-diastolic pressure or impaired compliance. Delayed AVO may
indicate systolic dysfunction or increased afterload, which is common in HFrEF.

As HFpEF-related congestion worsens, [IVRT may paradoxically shorten (when left atrial pressure rises
to the degree in which the mitral valve opens sooner), thus trends in IVRT alongside heart sounds could
signal transitions from pre-clinical stiffness to overt pulmonary edema, useful for monitoring diuretic
response or evaluating diastolic dysfunction severity. Monitoring DFT allows optimization of heart rate
and the timing of diuretics and beta-blockers. CTI monitoring could help assess chronotropic responses by
examining how diastolic time shortens with heart rate. A recent study noted that exercise in HFpEF can
drastically shorten diastolic filling time and raise filling pressures, explaining exercise intolerance.

Remote CTI monitoring can assist in therapy optimization. For example, when initiating a beta-blocker
or titrating a vasodilator, one might expect improvements in CTIs (beta blockade might slightly prolong
diastole but improve filling; vasodilators might shorten IVCT by reducing afterload). If CTIs worsen with
prolongation of the IVCT, despite up-titration, it could indicate an inadequate response or need for
alternative therapy. In device-managed patients (e.g., CRT for LBBB), improvements in dyssynchrony
would shorten IVCT and may even produce a crisper S1. If a persistently prolonged IVCT is present in a
CRT recipient, it might prompt an echocardiographic reassessment of lead timing or represent an
inadequacy of resynchronization therapy. Below is a comprehensive breakdown of CTIs for Chamber
Performance, and how each plays a critical role in the management of heart failure, especially in
distinguishing and tracking both HFpEF (preserved EF) and HFrEF (reduced EF). It is important to be
aware of conduction system abnormalities affecting CTI’s. Among patients with conduction system disease,
CTI’s and, particularly, IVCT can be affected. These include left bundle branch blocks, in which ventricular
dyssynchrony, resulting from discordant contractions of the septum and lateral wall, can prolong IVCT as
coordinated pressure generation within the cardiac chambers is impaired. Additionally, loss of atrial kick
among patients in atrial fibrillation can alter IVCT beat to beat as a result of decreased preload. Heart rate
variability tends to have minimal effects. Key Systolic and Diastolic Events and Intervals in Cardiac
Chamber Performance (Table 2).
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Table 2. Clinical relevance of CTIs in HFrEF and HFpEF.

Interval

Definition

Chamber Performance

Insight HFrEF Implication

HFpEF Implication

Mitral Valve Closure
(MVC)

From Q wave to MVCfilling and the beginning of

Marks the end of diastolic

. . pressure or impaired compliance
systolic contraction

Prolonged timing may suggest elevated LV end-diastolic

Prolonged if elevated LV end-diastolic pressure

Aortic Valve Opening Reflects electrical-to Prolonged in electromechanical delay, poor contractility.
(AVO), Pre-Ejection From Q wave to AVO . Delayed opening indicates systolic dysfunction or May be normal or slightly prolonged.
. mechanical delay .
Period (PEP) increased afterload [10].
. Time fi itral . . . o .

Isovolumetric V;EZ crl(())rs?l:;ltzaaortic Measures ventricular contractile Prolonged in low contractility. Reduced contractility or Mav be normal or proloneed if afterload is elevated

Contraction Time (IVCT) . readiness before ejection increased afterload [10,20]. 4 P £ )
valve opening

. . .. Timefi rti . . . . .
Left Ventricular Ejection 1 FOM aotHe Duration of active blood Shortened due to reduced stroke volume. ET is directly =~ May be normal or prolonged if compensation
. valve opening to . . .
Time (LVET or ET) closing ejection correlated with cardiac output [10]. occurs
A IVCT + ET or MVC Total systolic mechanical .
Systolic Time (ST) to AVC duration Reduced ST in decompensated HF [21]. Usually normal [20].
. . Del AV indicat 1 systolic unloadi - . .

Aortic Valve Closure End of systole/start of diastole. clayed C. may 1nd.1 cate abnorma Sys oe 1.1n oa.ldmg Abnormal AVC timing may reflect impaired
From Q wave to AVC . C . or altered aortic compliance, common in HF with high . . " .

(AVO) Anchors diastolic timing . C o pe relaxation despite preserved ejection fraction

afterload (e.g., hypertension, aortic stiffening)
. . When LV falls bel Prol d filling ti ith 1 loci flect

Mitral Valve Opening en pressu.re atls be 9W Delayed or shortened MVO often suggests elevated left rolonge . e lm.e s with fow velocity re ?C
From Q wave to MVOLA pressure. Indicates readiness _ . . . poor ventricular suction and often correlate with

(MVO) atrial pressure and reduced ventricular compliance

for diastolic filling

WOrIse prognosis

Isovolumetric Relaxation

Time from AVC to

Assesses ventricular relaxation Shortened if LA pressure is high. Sign of elevated filling

Prolonged in impaired relaxation; shortened if
filling pressures rise. Post-diuretic [IVRT

Time (IVRT) MVO and pressure decay pressures normalization is a marker of decongestion and
improved diastolic dynamic [22].
Diastolic Filling Time Time from MVO to Tot.al period of Ve.ntri(:l.llar . Often shortened dué to tachycard.ia 9r po.or relaxation. May be shortened, especially in fast HR. Short DFT
(DFT) MVC of next filling, Reﬂects diastolic suctionShortened DFT during ta(.:hycardla impaired stroke _ high LA pressure, diastolic congestion [20.23].
heartbeat and compliance volume and increased filling pressures [20,23].
IVRT + DFT or AVC Total duration of ventricular
Diastolic Time (DT) Lo Ml\:C of the next filling Reduced in decompensated state Reduced in tachycardia and stiff ventricles
eartbeat

LV—Ileft ventricle, HFrEF—heart failure with reduced ejection fraction, HFpEF—heart failure with preserved ejection fraction.
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The following table (Table 3) was included to provide a clear reference for established normal values
of cardiac time intervals stratified by sex. Presenting these normative ranges provides context for
interpreting CTIs, supports accurate comparisons across patient groups, and ensures that sex-specific
physiological differences are appropriately accounted for in the analysis.

Table 3. normal values of the cardiac time intervals stratified by sex [24].

Cardiac Time All Genders Females Males p Va.lue for
Intervals Sex Difference
IVCT, ms 40+ 10 41+9 38+ 10 <0.001
LVET, ms 292 £23 296 +22 286 +23 <0.001
IVRT, ms 96+ 19 94+ 19 100 + 19 <0.001

MPI 0.47 £0.09 0.46 + 0.09 0.49 + 0.09 <0.001

IVCT—isovolumetric contraction time, LVET—Ieft ventricular ejection time, [IVRT—isovolumetric relaxation time, MPI—
myocardial performance index.

Isovolumic contraction time (IVCT) is an important measure for predicting heart failure. Normal IVCT
is approximately 40 ms. When IVCT is longer than this, it indicates that the heart requires more time to
generate sufficient pressure to open the aortic valve, which can reflect early impairment of systolic function.
Evidence from the Copenhagen City Heart Study shows that for every 10 ms increase in IVCT, the risk of
developing heart failure rises by about 24-29%, even after adjusting for traditional risk factors and left
ventricular ejection fraction. These findings highlight that even modest prolongation beyond 40 ms may
serve as an early warning sign of future heart failure [24].

4. HEMOTAG, for Full-Spectrum Heart Failure Management

HEMOTAG is a novel system designed for hemodynamic management in patients across the HF
spectrum, both HFpEF (preserved EF) and HFrEF (reduced EF). It is a small, non-invasive device placed
on the chest that records time-synchronized cardiac vibrations and heart rate in a 30-s measurement (Figure
2). HEMOTAG introduces a new sensing class with a spatial-electrical-synchronized hardware in precise
anatomical geometry to detect multi-chamber cardiac mechanics using a proprietary quad-sensor array.
HEMOTAG captures subtle mechanical signals from multiple chest locations (including near the aortic and
pulmonic areas and the sternum) simultaneously with the electrical activity signal. In essence, it operates
as a sophisticated multi-channel digital stethoscope/Phonocardiogram (PCG): it detects heart sounds (S1,
S2) and mechanical micro-accelerations corresponding to valve movements, all aligned with the electrical
cycle. This allows the device to pinpoint the moments of mitral valve closure/opening and aortic valve
opening/closure, from which the key CTIs (MVC, AVO, AVC, MVC, IVCT, LVET, IVRT, MPI, STR,
STRi, HR) are computed. HEMOTAG’s multi-sensor approach is critical by recording vibrations at
multiple sites simultaneously. It can identify valve events with excellent precision, including across the full
spectrum of heart failure severity, BMI, gender, valve disease, and variation in placement on the chest.
HEMOTAG tracks key systolic and diastolic events, offering a window into cardiac chamber
hemodynamics that helps clinicians personalize heart failure therapy in real time before symptoms worsen.

The device has integrated electrical and acoustic/vibratory sensors that the patient positions on the
chest. In one described configuration, its flexible “arms” contact the high left and right sternal borders (over
aortic and pulmonic areas) and the lower sternum/apical region. A single button press initiates a recording:
within ~30 s, the system records a segment of electrical activity and three synchronized vibrations. The raw
data is transmitted wirelessly to a smartphone app, which then sends it to a cloud platform for reporting.
The reporting identifies the fiducial points for each heartbeat onset, MVC, AVO, AVC, MVO, and
calculates the CTIs beat-by-beat. The result is a set of hemodynamic intracardiac “vitals.” The processed
results are available on a secure clinician dashboard. HEMOTAG is a non-invasive heart failure monitoring
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platform that delivers real-time insights into cardiac chamber performance. While others rely on implants
in the pulmonary artery, left atrium, or inferior vena cava, HEMOTAG takes a smarter path, capturing real
intracardiac markers directly from heart valves without an invasive procedure. By analyzing cardiac time
intervals, it detects subtle changes in contractility, relaxation, and pressure dynamics, enabling earlier
intervention and better outcomes without relying on invasive tools or late-stage fluid markers.

Validation and Clinical Studies

Clinical evaluations have successfully demonstrated that HEMOTAG’s CTI measurements correlate
with congestion and ventricular dysfunction. In the HATS OFF (Hemotag Assessment for Short-term
Outcomes of Heart Failure), In-hospital study [1], 94 hospitalized patients were evaluated to determine if
HEMOTAG could distinguish acute decompensated HF (ADHF) from other conditions. HEMOTAG
derived IVCT was markedly prolonged in ADHF patients (mean ~53 ms) compared to controls (~32 ms).
Using a threshold IVCT >40 ms, the device identified ADHF (defined by clinical presentation and NT-
proBNP >1800 pg/mL) with high sensitivity (95%) and specificity (84%). The HEMOTAG recording
device was used to track daily IVCTs (normal <40 ms) in all patients. For ADHF patients, the mean IVCT
decreased from 59 + 9 ms (first day of hospitalization) to 48 + 7 ms (final day of hospitalization).
Conversely, the control arm did not have any significant changes in their daily IVCTs, demonstrated by a
mean of 32 + 9 ms (first day of hospitalization) to a mean of 35 + 9 ms (final day of hospitalization). This
demonstrates that a prolonged isovolumic contraction time on this 30-s, noninvasive test strongly indicated
elevated LV filling pressure and acute HF exacerbation. Notably, these CTI markers corresponded to
natriuretic peptide levels and congestion status. No adverse events occurred with device use. This study
concluded that HEMOTAG could accurately detect plus track response to treatment in acutely decompensated

HF (Figure 2b).
Physician |
[ Care Loop
% e—
I ! I

Cardiac
Time
Intervals

HEMOTAG
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Review Report ¢
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oo SEeones HiNuTES Diuretic Adjustment
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Figure 2. (a). HEMOTAG device kit and module application; (b). HEMOTAG clinical management flow.

Beyond the acute setting, HEMOTAG has shown promise in remote monitoring post-discharge and in
chronic HF. In a home monitoring context, patients perform daily or weekly measurements with
HEMOTAG. In the context of home monitoring, patients can perform regular measurements using
HEMOTAG, with results securely transmitted to clinicians for review. The system’s ability to track cardiac
timing intervals (CTIs) noninvasively offers a promising approach for identifying early signs of
hemodynamic changes. While formal studies are ongoing, the potential for CTI trends such as changes in
IVCT, IVRT, or PEP/LVET ratio to inform clinical decision-making is actively being explored. Patient
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involvement in their own monitoring may also enhance engagement and adherence to care plans. Compared
to invasive alternatives like the CardioMEMS implant, HEMOTAG offers a non-invasive, user-friendly
solution that could support proactive heart failure management once further validation is available.

While these findings are encouraging, several limitations should be considered when interpreting the
current evidence. The HATS-OFF study represents an early validation cohort with a relatively small sample
size and was conducted in a controlled inpatient setting. As such, the generalizability of these results to
broader and more heterogeneous heart failure populations remains uncertain. In addition, although CTI
parameters such as [IVCT demonstrated strong associations with clinical congestion and natriuretic peptide
levels, the extent to which these measurements directly reflect left ventricular filling pressures or
intracardiac hemodynamics requires further validation against invasive gold-standard measurements.

Ongoing and future studies are needed to better define the role of CTI-guided monitoring in clinical
practice, particularly in outpatient and remote management settings. Prospective, multicenter trials
evaluating clinical endpoints such as hospitalization rates, symptom burden, and mortality will be essential
to determine whether integration of HEMOTAG into routine care improves outcomes. Furthermore,
comparative effectiveness studies against established monitoring strategies, including implantable
hemodynamic systems such as the CardioMEMS HF System, will help clarify its relative clinical value and
optimal use case.

HEMOTAG’s innovation combines multiple sensors and advanced analytics to extract clinical
meaning from cardiac micro-vibrations. The concept of using chest vibration signals (PCG) for cardiac
timing is not entirely new, research in the 2010s demonstrated that PCG fiducial points correspond to valve
movements on echo [25]. However, earlier single-sensor PCG approaches struggled in patients with
abnormal cardiac motion or obesity, where waveforms can be distorted. HEMOTAG circumvents some of
these issues by using four synchronized signals to effectively capture a composite 3D vibration pattern. The
multiple synchronous signals help to identify the distinct “sources” of sounds corresponding to each valve
event. By distinguishing these, HEMOTAG can more reliably timestamp MVC, AVO, AVC, and MVO
even in the presence of murmurs or co-morbidities.

5. Comparison with Other Cardiac Monitoring Systems

CTI-based assessment represents a new class in non-invasive hemodynamic telemonitoring. It is
instructive to compare its capabilities with other commercial and clinical cardiac monitoring systems used
in HF care (Table 4). These systems vary in invasiveness, parameters measured, and evidence base.
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Table 4. Capabilities of commercial cardiac monitoring systems.

System

Type Metrics Monitored

Clinical Evidence

HEMOTAG [1]

Cardiac time intervals: HR, MVC, AVO,
AVC, MVO, IVCT, LVET, IVRT, heart
sounds

Wearable chest sensor and
heart thythm

No (external)

Detects acute HF decompensation via prolonged CTIs; HATS-OFF
RCT demonstrated guided therapy reduced 30, 60 and 90-day
readmissions [1].

CardioMEMS [26,27]

Implanted PA pressure ~ Direct pressure trends in the pulmonary
sensor artery

Yes (implanted via

Reduced HF hospitalizations ~30—40% in trials (CHAMPION for
HFrEF/HFpEF) [28]; improved QoL. FDA-approved for NYHA
II1; high clinician adoption for high-risk HF [11].

ReDS™ Vest [29,30]

Lung fluid/thoracic fluid index (%)
congestion level assessment congestion
level assessment

lung measurements

External dielectric sensor

Shown to detect pulmonary edema; guided therapy reduced 3-
month readmissions. Used post-discharge for fluid management
with some success in small studies [31,32].

HeartLogic (ICD) [33,34]

Implantable device with

algorithm (in ICD/CRT) rate, activity, efc

Multi-sensor index: third heart sound (S3),
thoracic impedance, respiratory rate, heart Yes (requires ICD)

70% sensitivity for predicting HF events ~1 month in advance
(MultiSENSE study); alerts associated with fewer worsening HF
events. Requires implanted defibrillator [34].

Telemonitoring (BP/Weight)
[35]

Home monitoring & Weight, blood pressure, symptoms, heart
symptom tracking rate

Mixed results in trials [36]; some meta-analyses show reduced
mortality/hospitalization, but others (e.g., Tele-HF) were neutral.
Compliance and timely response are challenges [37].

Al Stethoscopes [38] (Eko
DUO) [39]

Digital stethoscope + ECG Heart sounds, single-lead ECG; Al predicts No

with Al analysis low EF or abnormal hemodynamics

Recent study (JACC 2024) showed ~77% sensitivity, 78%
specificity for detecting EF <40% [40]. Promising for screening in
primary care, but not continuous monitoring [41].

Bodyport smart scale [42]

Weight, pulse wave

o Congestion index
velocity, impedance

2024 data (SCALE-HF 1 study) detected ~70% of impending HF
events vs. 35% by weight gain [37,43].

Zoll Heart Failure
Management System [44]

Thoracic Fluid Index, heart rate, activity,
posture, and heart rhythm

Impedance path for
continuous wear

Reduced 90-day hospital re-admission by 38% [45].

ReDS—remote dielectric sensing, [CD—implantable cardioverter-defibrillator, Al—artificial intelligence, CRT—cardiac resynchronization therapy, ECG—electrocardiogram, HR—heart rate,
MV C—mnitral valve closure, AVO—aortic valve opening, AVC—aortic valve closure, MVO—mitral valve opening, [VCT—isovolumetric contraction time, LVET—Ieft ventricular ejection
time, [IVRT—isovolumetric relaxation time, EF—ejection fraction, CTI—cardiac time interval, RCT—randomized controlled trial, HFrEF—heart failure with reduced ejection fraction, HFpEF—
heart failure with preserved ejection fraction.
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5.1. HEMOTAG vs. Invasive Hemodynamic Monitors

An established invasive option for proactive heart failure (HF) management is the CardioMEMS HF
System, an implantable pulmonary artery (PA) pressure sensor used with patient-initiated (typically daily)
home transmissions. In published clinical studies, management strategies that incorporate PA pressure
trends have been reported to reduce HF hospitalizations in selected patient populations, and PA diastolic
pressure elevations can precede overt clinical decompensation. HEMOTAG is being developed as a non-
invasive approach that focuses on cardiac mechanical timing rather than direct intracardiac or PA pressure
measurement. The underlying hypothesis is that changes in filling pressures and ventricular performance
may be reflected in cardiac time intervals (CTIs) derived from synchronized acoustic/mechanical signals
and ECG obtained during a brief chest recording. For example, impaired relaxation and increased filling
pressures may be associated with changes in diastolic timing (e.g., IVRT), while altered
contractility/afterload may be associated with systolic timing changes (e.g., IVCT) [13]. Compared with
implantable pressure monitors, a non-invasive CTI-based approach could be applicable to a broader range
of HF phenotypes (including HFpEF and HFrEF) [46] and to patients who are not candidates for, or prefer
to avoid, implantation. However, CTIs are indirect physiologic markers and require clinical validation to
determine how reliably they track hemodynamic states, how they perform across diverse HF phenotypes
and comorbidities, and how they should be incorporated into clinical decision-making. Both approaches
can be limited by sampling frequency and adherence: CardioMEMS data are typically obtained via
scheduled patient transmissions rather than continuous streaming, and HEMOTAG requires patient-
initiated recordings. In both cases, missed measurements or inconsistent use could reduce the ability to
detect meaningful trends.

5.2. HEMOTAG vs. Other Non-Invasive Wearables

Several non-invasive technologies support HF monitoring using different physiological proxies: (A)
ReDS™ yses low-power radiofrequency signals to estimate lung fluid content. Some studies have reported
fewer early readmissions when ReDS measurements are used to guide post-discharge diuretic management;
however, lung fluid measurements are an indirect marker of decompensation and can be influenced by
pulmonary comorbidities and other confounders. (B) Bioimpedance-based systems (e.g., ZOLL pCor
HFMS; Bodyport’s Cardiac Scale) aim to estimate thoracic fluid status and/or hemodynamic change using
impedance and algorithmic features. These approaches primarily emphasize congestion- and fluid-related
metrics rather than direct measures of cardiac mechanical timing. (C)Wearable adhesive patches (e.g.,
VitalConnect VitalPatch; ZOLL VitalPatch) measure ECG and activity-related signals (and, in some
configurations, respiratory parameters and/or heart sounds). These devices may support the detection of
physiologic deterioration (e.g., rthythm changes, activity decline) and, in some cases, attempt to infer
congestion. In contrast, HEMOTAG’s stated intent is to derive CTIs (e.g., IVCT, IVRT, PEP, LVET) from
synchronized acoustic/mechanical and ECG signals, with the goal of capturing timing features related to
contraction, relaxation, and valve events. This approach may provide information that is complementary to
fluid-focused monitoring, but head-to-head comparative performance and clinical decision utility require
prospective validation. Implantable sensors under investigation (e.g., Cordella, V-LAP, FIRE1) target
direct hemodynamic measurements (pulmonary or atrial pressures) and may offer different tradeoffs
(procedural risk, patient selection constraints, signal specificity). Al-enhanced stethoscope systems (e.g., Eko
DUO) combine ECG and phonocardiography for point-of-care screening applications (e.g., reduced EF
detection reported with AUROC metrics in published studies). These tools are typically used during clinical
encounters rather than for serial home monitoring, so comparisons should distinguish between use cases
(screening vs. longitudinal monitoring), measurement types (pressure vs. timing vs. fluid proxy), and workflow.
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5.3. Usability and Patient Experience

HEMOTAG is designed to support a brief, user-initiated measurement (e.g., ~30 s) with one-button
operation and wireless upload to a secure cloud environment, enabling integration into remote monitoring
workflows [1,2]. Unlike implantable systems (e.g., CardioMEMS), HEMOTAG does not require
implantation and therefore avoids the procedural risks associated with invasive device placement [3].
Continuous wearables can provide high-frequency data but may also increase data volume and the need for
signal quality controls, alert management, and clinical workflow integration to reduce false or non-
actionable notifications [4]. HEMOTAG’s approach emphasizes targeted CTI metrics intended to support
trend review; however, thresholds (e.g., IVCT cutoffs explored in inpatient/acute settings) should be
described as exploratory unless validated for home monitoring and linked to clinically meaningful
endpoints [47]. As with other home monitoring tools, adherence, correct positioning, and adequate signal
quality are necessary for interpretable data. Early feasibility/usability assessments may inform training
requirements and learning curves, but conclusions about long-term adherence and patient experience should
be limited to what has been directly measured and reported [26].

6. Benefits and Limitations of Remote CTI Monitoring

Remote monitoring of CTIs offers several potential benefits for HF management:

e Early Warning of Decompensation: By tracking subtle changes in cardiac function (before overt weight
gain or symptoms), CTI monitoring can alert clinicians about impending decompensation. As noted,
prolonged CTlIs correlated strongly with high BNP in acute HF, and anecdotal use showed detection
of abnormalities before symptom onset. This could translate to timely intervention (e.g., adjust
diuretics) and prevention of hospitalizations.

e Objective Therapy Guidance: CTIs provide quantitative, beat-to-beat information on how the heart is
responding. This could guide the titration of medications. For instance, an ACE inhibitor might be increased
until no further improvement in PEP or IVRT is observed, indicating an optimal hemodynamic effect. In
contrast, patient-reported symptoms or weights can be quite variable and subjective.

e Applicability to Diverse HF Populations: CTI monitoring is useful in HFrEF, HFpEF, and even other
cardiac conditions (valve disease, post-myocardial infarction dysfunction, etc.) because it measures
fundamental aspects of cardiac cycle timing. This is unlike some telemonitors that focus solely on fluid
(more relevant to congestion) or arrhythmia (relevant to certain subsets).

e Non-Invasive and Patient-Centric: With systems like HEMOTAG, patients can perform daily 30-s
readings at home, without blood draws or imaging. Empowering patients to be active participants in
their care. It also reduces the need for frequent surveillance clinic visits, which is important given the
burden of HF clinic follow-ups.

However, there are important limitations and challenges:

e Signal Quality and Patient Factors: Not every patient’s cardiac signals are easy to interpret via chest
wall sensors. SCG/PCG signals can be attenuated by obesity, COPD (hyperinflated lungs), or simply
poor positioning, inadequate patient and medical staff training. HEMOTAG’s multi-sensor design
significantly improves the odds, from the HATS-OFF study, in about 1% of patients, the vibrational
waveform was “unacceptable”, and 3% of patients, the electrical signal fiducial points were
“Unacceptable”. Arrhythmias, such as atrial fibrillation, also complicate CTI analysis, as beat-to-beat
variability is high and averaging may be required. In such cases, trends might be obscured.

e Data Interpretation and Alerts: Just as with any monitoring, false positives/negatives are a risk. A
spurious prolongation of IVCT (due to a premature beat or user error in one measurement) could trigger
an unnecessary alert. Conversely, a gradual decline in function might be missed if changes fall within
normal variability or if measurements are infrequent. Setting the right thresholds for alerting is key.
The HATS-OFF study’s cutoff of IVCT > 40 ms for acute HF was useful diagnostically, but for home
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monitoring, each patient may need an individualized baseline. Al could eventually establish each
patient’s “dry” baseline CTIs and flag significant deviations.

e Integration into Care Workflow: Remote monitoring only improves outcomes if coupled to a robust
clinical response system. This was seen with CardioMEMS: the sensor itself does not treat HF; it is the
clinical team’s timely intervention on pressure rise that prevents hospitalization. Similarly, CTI data
must be continuously reviewed (or automatically triaged by algorithms) and acted upon. This demands
infrastructure (nurses, telehealth communication, efc.) that not all practices have readily available.
Until this cutting-edge CTI monitoring technology is integrated into standard care pathways or HF
disease management programs, its full benefit may not be realized. Current guidelines have been
cautious, offering limited endorsement of remote monitoring technologies due to mixed trial results
and implementation challenges. Demonstrating outcome improvements in rigorous trials will be key
to broader adoption.

e Specificity of CTI Changes: CTIs can be influenced by many factors beyond HF status. For example,
IVCT and IVRT vary with heart rate. If a patient’s beta-blocker dose is increased, heart rate drops; this
alone lengthens diastolic intervals (more filling time, which is beneficial), but one must distinguish this
from an intrinsic relaxation improvement. Dehydration could shorten IVRT (less filling pressure), but
that might be misconstrued as improved diastolic function. Thus, context is needed; ideally, CTI data
is interpreted alongside other data (heart rate, blood pressure, perhaps patient symptoms).
HEMOTAG’s ecosystem could incorporate some of this context (the device also measures heart rate
and perhaps can correlate with the timing of medication dosing or weight changes if those are logged
in the app).

e Patient adherence: A key practical limitation of remote monitoring strategies in heart failure is variable
patient adherence, which can substantially influence both data reliability and clinical effectiveness.
Sustained engagement with home-based monitoring requires patients to perform regular measurements,
correctly use the device, and remain responsive to care team feedback—tasks that may be challenging
in a population often characterized by advanced age, multimorbidity, cognitive impairment, and
fluctuating functional status. Digital literacy and access to reliable technology (e.g., smartphones,
internet connectivity) further contribute to disparities in adherence, particularly among
socioeconomically disadvantaged groups. Even among motivated patients, adherence may decline over
time due to monitoring fatigue, perceived lack of immediate benefit, or competing health priorities.
Inconsistent data acquisition can lead to gaps in longitudinal trends, potentially limiting the ability of
clinicians to detect early physiologic changes or intervene in a timely manner. Additionally, reliance
on patient-generated data introduces variability related to measurement technique and environmental
factors, which may affect signal quality and interpretation. From a systems perspective, suboptimal
adherence may reduce the overall effectiveness and cost-efficiency of remote monitoring programs,
particularly if actionable alerts are missed or if additional resources are required to re-engage patients.
These challenges underscore the importance of designing user-centered monitoring platforms with
simplified workflows, automated data capture where possible, and integrated patient education and
support mechanisms. Future studies should incorporate adherence metrics as key endpoints and
evaluate strategies—such as behavioral interventions, caregiver involvement, and adaptive monitoring
protocols—to enhance sustained engagement and ensure that the potential benefits of non-invasive
remote monitoring are realized in real-world heart failure populations.

7. Conclusions

Measuring cardiac chamber performance via cardiac time intervals offers a window into the heart’s
mechanical performance that is highly relevant for managing heart failure. CTIs like MVC, AVO, IVCT,
and IVRT distill complex hemodynamics into quantifiable markers that reflect contractility, afterload, and
relaxation. The advent of home-based CTI monitoring, exemplified by the HEMOTAG system, represents
a significant innovation in HF care. HEMOTAG’s non-invasive sensor technology can detect the same
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valvular timing intervals that were previously measurable only in echo labs or cath labs, bringing
sophisticated hemodynamic assessment to the patient’s living room. Early studies have shown that CTI
changes correlate with acute HF decompensation and may forecast clinical deterioration, enabling
interventions that improve outcomes. While challenges like signal quality, data management, and clinical
integration need to be addressed, the potential upside is substantial: fewer hospitalizations, more
personalized therapy titration, improved quality of life, and lower out-of-pocket costs for patients who can
age gracefully and live longer, happier, and healthier lives together at home.

In the evolving landscape of HF management, remote monitoring is increasingly recognized as a key
component, complementing pharmacotherapy and device therapy. CTI monitoring via HEMOTAG or
similar systems could fill a niche that current telemonitoring approaches struggle to provide: direct, real-
time insight into cardiac function without invasive sensors. As evidence grows (from ongoing trials and
real-world use) and as algorithms become more refined, we can expect CTI-guided care to earn a place in
guidelines alongside PA pressure monitoring and other modalities. For cardiologists, being familiar with these
time interval metrics and their interpretation will be important, as they provide insights that were not available
before and, daily, represent another set of vital signs for the failing heart. Ultimately, harnessing CTIs non-
surgically within a home monitoring strategy aligns with the broader goal in HF management: anticipating
and preventing decompensation rather than reacting to it. The HEMOTAG system, with its robust capture of
mitral and aortic valve events, exemplifies how advanced engineering can augment clinical acumen,
translating the subtle sounds and motions of the heart into actionable data for better patient care.
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