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ABBREVIATIONS

Abbreviation Explanation
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Date:

ECG Electrocardiogram — Recording of the heart's electrical activity

PCG Phonocardiogram — Recording of heart and lung acoustic sounds

PPG Photoplethysmogram — Optical recording of pulsatile blood volume changes

ICG Impedance Cardiography — Thoracic bisimpedance-based hemodynamic monitoring

HRV Heart Rate Variability — Beat-to-beat variation in RR intervals; autonomic tone index

PRV Pulse Rate Variahility — PPG-derived surrogate for HRW

SVV Stroke Molume Variahility — Beat-to-beat variation in ICG-derived stroke volume

ST1 Systolic Time Intervals — Family of cardiac timing parameters (PEP, LVET, ICT, STR}

STR Systolic Time Ratio — PEP/IVET ratio; index of LV systolic function

PEP Pre-Ejection Period — Interval frorm QRS onset to aortic valve opening: contractility index

LVET Left Ventricular Ejection Time — Duration of LV ejection phase (aortic valve open to close}

ICT Isovolurmetric Contraction Time — Interval frorm QRS onset to aortic valve opening during pressure buildup
EMD Electromechanical Delay — Interval from QRS onset to PCG 51 onset; ventricular mechanical activation delay
PAT Pulse Arrival Time — ECG R-peak to PPG foot; composite BP proxy including PEP

PTT Pulse Transit Time — True arterial pulse propagation time, independent of PEP

BP Blood Pressure — Arterial blood pressure

co Cardiac Qutput — Volume of blood pumped per minute (SW % HR)

Cl Cardiac Index — CO normalized to body surface area

SV Stroke Volume — Volume of blood ejected per heartheat

TFC Thoracic Fluid Content — ICG-derived index of intrathoracic fluid accurmulation

SVR Systemic Vascular Resistance — Peripheral resistance against which the left ventricle ejects

Alx Augmentation Index — PPG-derived arterial stiffness index; augmentation pressure / pulse pressure
RI Reflection Index — PPG diastolic/systolic peak ratio; peripheral vascular resistance surrogate

ACI Acceleration Index — ICG d*Zfdt* peak; ventricular contractile force index

HI Heather Index — ICG dZ/dt onset-to-peak slope; cardiac contractility index

Sp02 Arterial Oxygen Saturation — PPG-derived peripheral oxygen saturation (red + IR wavelengths)

EDR ECG-Derived Respiration — Respiratory rate estimated from QRS amplitude modulation

LVH Left Ventricular Hypertrophy — Pathological thickening of LV wall; associated with hypertension

RVH Right Ventricular Hypertrophy — Pathological thickening of RV wall; associated with pulmonary hypertension
LEBB Left Bundle Branch Block — Conduction delay in left bundle; wide QRS with characteristic morphology
REBB Right Bundle Branch Block — Conduction delay in right bundle; wide QRS with characteristic morphology
AF Atrial Fibrillation — Irregular atrial electrical activity; absent P waves, irregular RR

WPW Wolff-ParkinsonWhite — Pre-excitation syndrome; accessory conduction pathway

CRT Cardiac Resynchronization Therapy — Biventricular pacing for heart failure with conduction delay
ASD Atrial Septal Defect — Congenital opening between atrial chambers

COPD Chronic Obstructive Pulmonary Disease — Progressive airflow limitation; associated with hypoxemia
BSA Body Surface Area — Used for cardiac index normalization

SDNN Standard Deviation of NN intervals — Overall HRY index; reflects total autonomic variability

RMSSD Root Mean Square of Successive Differences — Parasympathetic HRV index

pNN50 Proportion of MM intervals = 50 ms — Vagal tone index

LF Low Frequency (0.04-0.15 Hz) — HRV spectral band; sympathovagal modulation

HF High Freguency (0.15-0.40 Hz) — HRV spectral band; parasympathetic (vagal) activity

SD1/sD2 Poincaré Plot Indices — Non-linear HRV; short and long-term variability

SampEn Sample Entropy — MNon-lingar HRV complexity index

ApEn Approximate Entropy — Non-linear HRV regularity index

MFCC Mel-Frequency Cepstral Coefficients — Spectral envelope features for PCG sound classification

PWV Pulse Wave Velocity — Speed of arterial pressure wave propagation; arterial stiffness index

MAP Mean Arterial Pressure — Average arterial pressure over one cardiac cycle

DFA Detrended Fluctuation Analysis — Non-linear HRV scaling exponent method
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INTRODUCTION

Cardiovascular diseases (CVDs) remain the leading cause of mortality worldwide, accounting for an estimated
19.8 million deaths globally in 2022, underscoring the urgent need for reliable, continuous, and non-invasive
monitoring solutions capable of moving beyond episodic clinical assessment toward proactive risk
stratification. A promising approach to meeting this need lies in the simultaneous acquisition and fusion of
complementary physiological signals from the body surface. Recent advances in sensor technology have
enabled the concurrent recording of multiple modalities — including the electrocardiogram (ECG),
phonocardiogram (PCG), and photoplethysmogram (PPG) — each capturing a distinct yet interrelated
dimension of cardiovascular function: ECG reflects the heart's electrical depolarization and repolarization
activity, PCG encodes the mechanical heart sounds associated with valvular motion and ventricular dynamics,
and PPG quantifies pulsatile blood volume changes indicative of peripheral vascular behavior. Impedance
cardiography (ICG), derived from the first derivative of the thoracic bioimpedance signal (dz/dt), further
enriches this multimodal framework by providing non-invasive hemodynamic estimates: key parameters such
as cardiac output (CO), stroke volume (SV), left ventricular ejection time (LVET), pre-ejection period (PEP),
systolic time ratio, and thoracic fluid content can all be extracted continuously from the ICG waveform, offering
a real-time window into cardiac pump function that is otherwise accessible only through invasive
catheterization. Recent clinical evidence demonstrates that whole-body ICG can measure cardiac output and
cardiac index in hospitalized heart failure patients with acceptable accuracy relative to right heart
catheterization, reinforcing its viability as a non-invasive hemodynamic monitoring modality. When these four
signal streams are fused, the resulting feature space spans the cardiac electromechanical cycle in its entirety:
cross-modal temporal markers such as the pre-ejection period (PEP), and additional parameters that no single
modality can achieve independently. Machine learning algorithms applied to such multi-stream physiological
data have demonstrated the capacity to identify complex, non-linear patterns that conventional statistical
methods fail to capture, enabling cardiovascular risk projections to be generated weeks before clinical
detection through standard investigation. Bimodal and multimodal classification models consistently
outperform their single-modality counterparts in cardiovascular disease detection, with explainability analyses
confirming the quantifiable and complementary contribution of each signal channel to the final diagnostic
decision. Collectively, these findings establish a compelling scientific basis for wearable, multi-signal acquisition
platforms as reliable instruments for comprehensive cardiovascular projection and early risk prediction [1-6].

In this context, 2M Engineering has recently introduced Pcardio, a synchronized multimodal physiological
acquisition platform positioned as a strong candidate for near-clinical deployment. Pcardio integrates the key
measurement modalities discussed above — including dual-channel ECG, PCG, PPG, ICG, and SpO2— within a
single, time-synchronized acquisition framework, ensuring that the temporal relationships between signals
that underpin derived parameters such as HRV, PEP, PTT, PAT, and cardiac output estimation are preserved
with the fidelity required for meaningful clinical interpretation. The platform's onboard memory architecture
supports extended continuous recording sessions, addressing one of the primary practical limitations of
wearable cardiac monitors in ambulatory and longitudinal monitoring scenarios. Critically, Pcardio's sensor
form factor and skin-friendly interface materials have been designed with wearability as a first-order
constraint, enabling the system to serve not only as a near-clinical diagnostic instrument but also as a versatile
research and educational platform at the intersection of biomedical engineering and clinical medicine. The
system is currently undergoing internal clinical piloting, with findings intended to establish the performance
benchmarks and validation framework necessary for broader deployment.

In this document, a comprehensive overview of the physiological signals acquirable through the Pcardio

platform is presented, along with the clinically and analytically relevant features that can be derived from

Confidential 2/17 Date:
Pcardio Platform BioSignals & Derived
Features



y 2 M ENGINEERING Advanced Sensor Products

each signal modality. For each modality, the nature of the raw signal is first described, followed by the set of
extractable features — spanning time-domain, frequency-domain, and morphological characteristics — and a
concise discussion of the cardiovascular and physiological conditions to which these features may serve as
indicators. This structure is intended to provide the reader with a clear, modality-by-modality understanding
of the diagnostic and research value embedded within each signal stream. Following the narrative descriptions,
the key information is consolidated into structured summary tables to facilitate cross-modal comparison and
to serve as a practical reference for both clinical and engineering audiences. It should be noted that the features
described herein represent the analytical potential of the platform; their clinical utility in specific diagnostic
contexts is subject to the validation studies currently underway as part of the Pcardio internal clinical pilot
program.

SIGNAL MODALITIES AND EXTRACTABLE FEATURES

ELECTROCARDIOGRAM (ECG)

The electrocardiogram (ECG) is the gold-standard non-invasive recording of the heart's electrical activity,
captured by measuring potential differences between surface electrodes placed at defined anatomical
locations. The Pcardio platform acquires a dual-channel ECG using three electrodes positioned at the right arm
(RA), left arm (LA), and left leg (LL) — a configuration that corresponds to the classical Einthoven triangle. From
these three electrode sites, two independent channels are recorded simultaneously (Lead I: LA - RA; Lead Il: LL
- RA), from which the third limb lead (Lead Ill: LL - LA) is mathematically derived via Einthoven's law (Lead | +
Lead Il = Lead Il). Furthermore, the three augmented unipolar limb leads — aVR, aVL, and aVF — can be
computed from the same electrode set using the Wilson central terminal as a reference, yielding a total of six
leads that collectively span the frontal plane of cardiac electrical activity. While this configuration does not
include precordial (chest) leads V1-V6 and therefore does not provide information in the horizontal plane, it is
sufficient for rhythm analysis, interval measurement, frontal axis determination, ST-segment monitoring, and
heart rate variability assessment — all of which are primary targets of the Pcardio acquisition framework.

Extractable Features

Time-Domain Features

The ECG waveform consists of a recurring sequence of characteristic deflections — the P wave, QRS complex,
and T wave — each corresponding to a discrete phase of the cardiac electrical cycle. The P wave reflects atrial
depolarization; the QRS complex represents rapid ventricular depolarization; and the T wave corresponds to
ventricular repolarization. The U wave, when present, is thought to reflect late repolarization of the Purkinje
fibers or papillary muscles. From these morphological components, the following time-domain features are
routinely extracted are listed in the Table 1.

Confidential 3/17 Date:
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Feature

P wave duration
PR interval

QRS duration

QT interval

QTc (Bazett)

ST segment level
T wave amplitude
RR interval

P wave amplitude

QRS amplitude

Heart Rate and Rhythm Features

Definition

Onset to offset of P wave

P wave onset to QRS onset
QRS onset to QRS offset
QRS onset to T wave offset
QT/VRR

J point to T wave onset
Peak T wave deflection

R peak to R peak

Peak P wave deflection

Peak-to-peak QRS

Advanced Sensor Products

Normal Range

<120 ms

120-200 ms

<120 ms

350 -440ms

<450 ms (male) / <460 ms (female)
Isoelectric + 0.1 mV

Positive in Lead [, IT

600 - 1000 ms (60-100 bpm)
<0.25mV

Lead- and subject-dependent

From the RR interval series, both instantaneous and mean heart rate are derived. Irregularities in RR interval
succession form the basis of arrhythmia detection algorithms, enabling identification of premature atrial
contractions (PACs), premature ventricular contractions (PVCs), atrial fibrillation (AF), and various degrees of

atrioventricular (AV) block.

Heart Rate Variability (HRV)

HRV quantifies the beat-to-beat variation in RR intervals and serves as a non-invasive surrogate for autonomic
nervous system (ANS) tone. The following HRV features are extractable from the dual-channel Pcardio ECG:

HRV in Time-domain:

e SDNN — standard deviation of all RR intervals; reflects overall HRV
e RMSSD — root mean square of successive RR differences; reflects parasympathetic activity
e PpNN50 — proportion of successive RR differences exceeding 50 ms

HRV in Frequency-domain:

VLF— associated with thermoregulation and humoral regulation
LF — reflects both sympathetic and parasympathetic modulation
HF — reflects parasympathetic (vagal) activity; linked to respiratory sinus arrhythmia
LF/HF ratio — sympathovagal balance index

HRV — Non linear:

e SD1/SD2 (Poincaré plot) — short- and long-term RR variability
e Approximate Entropy (ApEn), Sample Entropy (SampEn) — signal complexity and regularity
e DFA al, a2 — detrended fluctuation analysis scaling exponents

Frontal Plane Electrical Axis

Using Lead | and Lead Il amplitudes, the mean QRS frontal axis is computed as:
QRS axis = arctan(Lead Il amplitude / Lead | amplitude)

This feature is diagnostically relevant for detecting left and right axis deviation, which are associated with

ventricular hypertrophy, bundle branch blocks, and conduction abnormalities.
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Frequency-Domain ECG Features
Beyond HRV, spectral analysis of the ECG signal itself yields features relevant to signal quality assessment and
arrhythmia characterization:

¢ Power spectral density (PSD) of the QRS

¢ High-frequency QRS components — associated with myocardial ischemia and infarction

e ECG-derived respiration (EDR) — respiratory rate estimated from QRS amplitude modulation and R-

axis variation across beats

[ )
Associated Clinical Indicators
The features described above collectively enable the ECG channel of the Pcardio platform to serve as a sensitive
indicator across a broad spectrum of cardiovascular conditions:

Arrhythmias and Conduction Disorders

Prolonged PR interval indicates first-degree AV block, while progressive PR lengthening followed by a dropped
QRS beat is characteristic of second-degree (Mobitz I) AV block. Complete AV dissociation suggests third-
degree block. Widened QRS (> 120 ms) with characteristic morphology suggests left (LBBB) or right bundle
branch block (RBBB). Irregular RR intervals with absent P waves are the hallmark of atrial fibrillation, one of the
most prevalent and clinically significant arrhythmias detectable via continuous wearable ECG.

Ventricular Repolarization Abnormalities

QTc prolongation — whether congenital or drug-induced — is associated with an elevated risk of life-
threatening ventricular arrhythmias, including Torsades de Pointes. ST-segment elevation or depression, in
conjunction with T-wave morphology changes, raises concern for myocardial ischemia or infarction, and
represents one of the primary targets of continuous ST monitoring in ambulatory platforms.

Structural and Hypertrophic Changes

Left or right axis deviation, in combination with increased QRS amplitude, may indicate left ventricular
hypertrophy (LVH) or right ventricular hypertrophy (RVH) — findings associated with hypertension, aortic
stenosis, and pulmonary hypertension respectively.

Autonomic Dysfunction

Reduced HRV — particularly depressed RMSSD and HF power — is an established marker of impaired vagal
tone and sympathetic predominance, associated with heart failure, post-myocardial infarction risk, diabetic
autonomic neuropathy, and psychological stress. Elevated LF/HF ratio may indicate sympathetic
hyperactivation.

Respiratory Monitoring

ECG-derived respiration rate, extracted from beat-to-beat QRS amplitude modulation, provides a continuous
respiratory rate estimate without requiring a dedicated respiratory sensor — a particularly valuable feature in
wearable and long-term monitoring contexts.

IMPEDANCE CARDIOGRAPHY (ICG)

Impedance cardiography (ICG) is a non-invasive hemodynamic monitoring technique that exploits the

relationship between thoracic electrical impedance and pulsatile blood flow. During each cardiac cycle, the

Confidential 5/17 Date:
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ejection of blood from the left ventricle into the aorta produces a transient change in the electrical conductivity
of the thorax, owing to the high conductivity of blood relative to surrounding tissues. By injecting a low-
amplitude, high-frequency alternating current through the thorax and measuring the resulting voltage, the
instantaneous thoracic impedance (Z, expressed in ohms) and its time derivative (dZ/dt, expressed in Q/s) can
be continuously recorded. It is primarily the dZ/dt signal — representing the rate of impedance change — that
carries the hemodynamically relevant information and from which the key fiducial points of the ICG waveform
are identified.

The Pcardio platform acquires the ICG signal in a tetrapolar electrode configuration, in which current-injecting
and voltage-sensing electrodes are separated to minimize contact impedance artifacts and maximize signal
fidelity. The raw thoracic impedance signal (Zo) reflects baseline tissue conductivity, while the pulsatile
component (AZ) and its derivative (dZ/dt) encode the dynamic hemodynamic events of each cardiac cycle. The
ICG acquisition is fully time-synchronized with the ECG, PCG, and PPG channels, enabling the precise cross-
modal temporal alignment that is essential for the derivation of systolic time intervals and other composite
hemodynamic parameters.

The dZ/dt Waveform and Fiducial Points
The morphology of the dZ/dt waveform is defined by a set of characteristic fiducial points, each corresponding
to a discrete hemodynamic event within the cardiac cycle:

Fiducial Point Physiological Correspondence

B point Opening of the aortic valve; onset of left ventricular ejection

C point Peak of dZ/dt; maximum aortic blood flow velocity during systole
X point Closure of the aortic valve; end of left ventricular ejection

O point Opening of the mitral valve; onset of rapid ventricular filling

Z baseline Baseline thoracic impedance (Zo); reflects fluid status

Accurate identification of these fiducial points — particularly B and X — is the cornerstone of ICG-based
hemodynamic parameter estimation, and their reliable detection in wearable settings remains an active area
of signal processing research.

Extractable Features and Hemodynamic Parameters

Primary Hemodynamic Parameters
From the dZ/dt waveform and its relationship to the simultaneously acquired ECG, the following
hemodynamic parameters are derived:

Stroke Volume (SV) Stroke volume is the volume of blood ejected per heartbeat and is the central hemodynamic
parameter computed from the ICG signal.

Cardiac Output (CO) Cardiac output is the volume of blood ejected per minute.
Normal resting CO ranges from 4 to 8 L/min.

Cardiac Index (Cl) Cardiac index normalizes CO to body surface area (BSA).
Normal range: 2.5 —4.0 L/min/m?2.

Confidential 6/17 Date:
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Systolic Time Intervals (STI)

Parameter Definition Derivation Clinical Relevance

LVET Left ventricular ejection time B to X interval on dZ/dt Cardiac contractility, output
PEP Pre-ejection period ECG Q wave to B point  Myocardial contractility
PEP/LVET Systolic time ratio (STR) Ratio of above > 0.4 suggests heart failure
ICT Isovolumetric contraction time QRS onset to B point Ventricular function

Thoracic Fluid Content (TFC) TFC is derived from the baseline thoracic impedance.

Elevated TFC reflects increased intrathoracic fluid accumulation, as observed in pulmonary edema and
decompensated heart failure. TFC monitoring has been demonstrated as a sensitive early indicator of fluid
overload, enabling intervention before overt clinical symptoms develop.

Vascular Resistance (Blood Pressure must be given)
e Systemic Vascular Resistance (SVR): Estimated from mean arterial pressure (MAP) and CO; reflects
afterload
e SVRIndex (SVRI): SVR normalized to BSA

Additional Signal Features
Beyond the primary hemodynamic parameters, the following features can be extracted from the ICG signal:
e dZ/dt_max (C point amplitude): Reflects peak aortic blood flow velocity; a surrogate for myocardial
contractility
e Acceleration index (ACI): Second derivative of Z (d?Z/dt?) peak; sensitive indicator of ventricular
contractile force
e Heather index (Hl): Slope of dZ/dt from onset to C point; associated with cardiac contractility
e Zotrend: Long-term baseline impedance drift; reflects changes in hydration status and body fluid
distribution
o Respiratory modulation of Z: Breathing-induced impedance fluctuations; enables respiratory rate
extraction independent of other channels

Associated Clinical Indicators

Heart Failure and Cardiac Output Monitoring

ICG-derived CO, Cl, and SV provide continuous, non-invasive insight into cardiac pump performance. Reduced
Cl (< 2.2 L/min/m?) in conjunction with elevated TFC is a hemodynamic signature of decompensated heart
failure. Recent clinical evidence demonstrates that whole-body ICG measurements of CO and Cl show no
significant bias relative to right heart catheterization in hospitalized heart failure patients, supporting its utility
as a non-invasive hemodynamic assessment tool in both inpatient and ambulatory settings.

Myocardial Contractility Assessment

PEP reflects the time from electrical activation of the ventricle to the mechanical onset of ejection, and is
therefore a sensitive index of myocardial contractility. A prolonged PEP, in combination with a shortened LVET,
produces an elevated PEP/LVET ratio — a well-established indicator of depressed left ventricular function. The
acceleration index (ACl) and Heather index provide additional contractility-sensitive features that are less
dependent on preload and afterload conditions than volume-based parameters.

Confidential 7/17 Date:
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Fluid Status and Pulmonary Congestion

TFC monitoring enables continuous tracking of intrathoracic fluid accumulation, making ICG particularly
valuable in the management of heart failure patients at risk of decompensation. Progressive TFC elevation
preceding clinical symptoms of pulmonary congestion has been reported in the literature, suggesting a role for
ICG-based wearable monitoring in early warning systems for heart failure rehospitalization.

Autonomic and Hemodynamic Stress Response

Beat-to-beat variation in ICG-derived SV and CO, analyzed in conjunction with ECG-derived HRV, enables
characterization of the autonomic hemodynamic response to orthostatic stress, physical exertion, or
pharmacological challenge — applications of particular relevance in the research and clinical exercise
physiology domains.

PHONOCARDIOGRAM (PCQG)

The phonocardiogram (PCG) is the electronic recording of acoustic vibrations generated by the mechanical
activity of the heart, captured via a MEMS-based acoustic sensor in contact with the chest wall. The PCG
encodes the mechanical consequences of cardiac electrical events — specifically the pressure transients and
flow phenomena associated with valve closure, ventricular wall motion, and intracardiac blood flow dynamics.

In the Pcardio wearable platform, the PCG is acquired under practical ambulatory conditions with an expected
signal-to-noise ratio (SNR) in the range around 30 dB. This SNR level is sufficient for robust detection of the
primary heart sounds (S1 and S2) and for reliable extraction of cross-modal temporal features when the signal
is referenced to the simultaneously acquired ECG R-peak.

Full time-synchronization with the ECG channel is a critical design feature of the Pcardio acquisition framework.
The ECG R-peak serves as a beat-by-beat reference for PCG segmentation into systolic and diastolic windows,
substantially improving S1 and S2 detection reliability even at moderate SNR levels.

PCG Waveform Components

Extractable Features

Time-Domain

The time domain feature set of the PCG channel centers on the precise temporal and amplitude
characterization of the two primary heart sounds, S1 and S2, both referenced to the simultaneously acquired
ECG signal. The onset and duration of S1 and S2 define the boundaries of the systolic and diastolic intervals,
enabling beat-by-beat estimation of left ventricular ejection time (LVET) and diastolic filling time — parameters
that reflect the mechanical efficiency of the cardiac cycle. The envelope amplitudes of S1 and S2, extracted via
Hilbert or Shannon energy methods, serve as relative indices of ventricular contractility and aortic diastolic
pressure respectively, providing a non-invasive acoustic window into hemodynamic state. The R-S1 latency
and Q-S1 interval — derived from the precise temporal alignment of ECG and PCG — quantify the
electromechanical delay between electrical activation of the ventricle and the onset of mechanical valve
closure, a parameter sensitive to changes in myocardial contractility, conduction status, and cardiac synchrony.
Collectively, these features constitute the primary clinical contribution of the PCG channel within the Pcardio
multimodal framework: not as a standalone diagnostic instrument, but as a precise cardiac timing layer that
enhances the interpretive value of the simultaneously acquired ECG, ICG, and PPG signals.

Confidential 8/17 Date:
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Feature

Description

Advanced Sensor Products

Clinical Use

S1onset and duration

S2 onset and duration

S1amplitude (envelope

peak)

S2 amplitude (envelope

peak)
S1-S2interval
S2-Slinterval

R-Sl1latency

Q-Slinterval

Frequency-Domain

ECG-referenced timing of first heart

sound

ECG-referenced timing of second heart

sound

Peak of Hilbert/Shannon envelope at S1

Peak of Hilbert/Shannon envelope at S2

Systolic duration
Diastolic duration

ECG R-peak to S1 onset

ECG Q wave to S1 onset

Electromechanical coupling

Valve closure timing

Relative contractility index

Aortic pressure surrogate

LVET proxy
Diastolic filling time

Electromechanical delay
(EMD)

PEP proxy (contractility)

Band energy in 40-200 Hz range — primary cardiac sound energy band, accessible at target SNR
Spectral centroid of S1 and S2 — reflects dominant frequency of valve closure sounds

Low/high band energy ratio within S1 and S2 windows
Hilbert envelope rise time and decay time of S1 and S2

Conditionally Reliable Features

The following table summarizes the PCG-derived features that are accessible using Pcardio wearable platform
but require specific recording conditions or should be interpreted with caution. Systolic murmur detection
targets the acoustic turbulence generated by abnormal blood flow across stenotic or regurgitant valves during
the ventricular ejection phase, and represents one of the most clinically significant screening outputs of the
PCG channel. S2 splitting detection refers to the temporal separation of aortic (A2) and pulmonic (P2) valve
closure sounds within the second heart sound, a finding that carries diagnostic relevance in the assessment of
pulmonary hypertension, right bundle branch block, and atrial septal defect.

Feature

Condition for Reliability

Systolic murmur detection (Grade = I1I)

S2 splitting detection

Wavelet mid-frequency band energy

Associated Clinical Indicators

Quiet recording environment, minimal motion

Requires high-quality contact and quiet conditions

Reliable in mid-frequency bands (45-200 Hz)

Given the SNR constraints of the wearable platform, the PCG channel of Pcardio is best positioned as a
contributor to the following clinical assessment targets:
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Cardiac Timing and Electromechanical Function

The most robust clinical application of the PCG at this SNR level is the extraction of cardiac timing parameters
in conjunction with the ECG. The R-S1 latency and Q-S1 interval provide beat-by-beat estimates of
electromechanical delay and pre-ejection period respectively — indices of myocardial contractility that are not
directly accessible from the ECG or ICG alone. The S1-S2 interval serves as a PCG-derived estimate of left
ventricular ejection time (LVET), enabling independent cross-validation of the ICG-derived LVET and
contributing to the computation of the systolic time ratio (PEP/LVET).

Moderate-to-Severe Valvular Heart Disease Screening

Systolic murmurs of Grade lll or above — associated with conditions such as moderate-to-severe aortic
stenosis, significant mitral regurgitation, and pulmonary stenosis — generate sufficient acoustic energy to be
detected. The PCG channel can therefore contribute a binary murmur screening output (present / absent)
within the wearable cardiovascular monitoring context. For low-intensity murmurs (Grade I-I1), however, the
possibility of a false negative result should not be disregarded, as the acoustic energy of such findings may fall
below the effective detection threshold.

Pulmonary Fluid Assessment and Heart Failure Detection

Beyond cardiac sounds, the PCG sensor of the Pcardio platform is capable of capturing pulmonary acoustic
signals — specifically adventitious lung sounds such as crackles (rales) — which are established auscultatory
markers of pulmonary fluid accumulation. Crackles arise from the sudden reopening of fluid-occluded small
airways during inspiration and are a hallmark finding in pulmonary edema secondary to decompensated heart
failure. Their detection from a wearable PCG sensor therefore offers a complementary, non-invasive indicator
of intrathoracic fluid overload that is physiologically consistent with — and mutually reinforcing of — the ICG-
derived thoracic fluid content (TFC) parameter described in ICG Section.

It should be noted that the anterior thoracic placement of the Pcardio sensor represents a practical constraint
in this context: posterior or lateral chest wall positioning is conventionally preferred for pulmonary
auscultation, as it provides more direct acoustic access to the lung fields.

PHOTOPLETHYSMOGRAM (PPG)

The photoplethysmogram (PPG) is a non-invasive optical signal that measures pulsatile changes in blood
volume within the peripheral vasculature. The measurement principle is based on the differential absorption
of light by oxygenated and deoxygenated hemoglobin: a light-emitting diode (LED) illuminates the underlying
tissue, and a photodetector measures the intensity of either transmitted or reflected light. The pulsatile
component of the detected signal (AC component) reflects the cyclic variation in blood volume associated with
each heartbeat, while the slowly varying baseline (DC component) encodes slower physiological changes
including respiration, vasomotor activity, and thermoregulation.

The Pcardio platform acquires the PPG signal in reflectance mode, using a sensor integrated within the
wearable form factor at a skin-contact location on the anterior thorax. Two wavelengths are employed — red
(approximately 660 nm) and infrared (approximately 940 nm) — enabling both pulse waveform analysis and
arterial oxygen saturation (SpO2) estimation from the ratio of pulsatile to non-pulsatile signal components
across the two wavelengths. The PPG channel is fully time-synchronized with the ECG, PCG, and ICG channels,
enabling the derivation of cross-modal temporal parameters that are useful for many diagnosis purposes.

PPG Waveform Morphology

The PPG waveform consists of a recurring pulse cycle with the following characteristic features:

Confidential 10/17 Date:
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Systolic peak: The primary upstroke of the PPG waveform, corresponding to the rapid increase in arterial
blood volume following left ventricular ejection. The time from the waveform foot to the systolic peak
defines the pulse rise time.

Dicrotic notch: A secondary inflection point on the descending limb of the PPG waveform, corresponding to
the closure of the aortic valve and the associated reflection of the arterial pressure wave. The timing and
prominence of the dicrotic notch are sensitive to arterial stiffness and peripheral vascular resistance.
Diastolic peak: A secondary peak following the dicrotic notch, reflecting the diastolic component of the
arterial pressure wave. Its prominence relative to the systolic peak decreases with increasing arterial stiffness
and age.

The morphological characteristics of the PPG waveform — particularly the relative amplitudes and timing of
these components — encode information about arterial compliance, peripheral resistance, and cardiac
output that extends well beyond simple pulse rate measurement.

Extractable Features
Time-Domain and Morphological Features

Feature Description Clinical Relevance
Pulse rate Inter-beat interval from PPG peaks Heart rate, rhythm screening
Pulse rise time Foot to systolic peak duration Arterial stiffness proxy
Pulse width (50%, 75%) Width at defined amplitude fractions Vascular compliance
Dicrotic notch timing Notch position relative to systolic peak Aortic valve closure, vascular
tone
Augmentation index (AIx)  Ratio of augmentation pressure to pulse Arterial stiffness, wave
pressure reflection
Reflection index (RI) Diastolic peak / systolic peak amplitude Peripheral vascular resistance
ratio
Peak-to-peak amplitude AC component amplitude Perfusion index, vasomotor
tone
Pulse area (systolic / Area under systolic and diastolic portions  Cardiac output surrogate
diastolic)

Respiratory Features
The PPG signal carries a respiratory modulation signature that enables continuous respiratory rate estimation
without a dedicated respiratory sensor. Three independent mechanisms contribute to this modulation:
e Baseline wander (BW): Slow DC drift of the PPG signal driven by respiratory movement and thoracic
impedance changes
e Amplitude modulation (AM): Beat-to-beat variation in PPG pulse amplitude driven by respiratory
variation in venous return and cardiac output
e Frequency modulation (FM): Beat-to-beat variation in pulse rate driven by respiratory sinus
arrhythmia
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Respiratory rate extraction from the PPG signal, when cross-validated against the ECG-derived respiratory
rate (EDR), provides a robust and redundant respiratory monitoring capability within the Pcardio framework.

SpO2 Estimation
Arterial oxygen saturation is estimated from the ratio of the pulsatile (AC) to non-pulsatile (DC) signal
components at the red and infrared wavelengths, forming the perfusion ratio R:

R = (AC_red / DC_red) / (AC_IR / DC_IR)

Sp02 is then derived from R via an empirically calibrated lookup curve. Normal SpO2 in healthy adults at rest
is 95-100%. Values below 90% indicate clinically significant hypoxemia requiring intervention. The anterior
thoracic placement of the Pcardio sensor introduces a non-standard measurement geometry relative to
conventional fingertip or earlobe pulse oximetry; SpO2 accuracy at this location is subject to the validation
studies currently underway as part of the Pcardio clinical pilot program.

Heart Rate Variability from PPG (PRV)
Pulse rate variability (PRV), derived from the inter-beat intervals of the PPG waveform, serves as a surrogate
for ECG-derived HRV under conditions where the two signals are in close agreement. The following PRV
features are extractable:

e SDNN, RMSSD, pNN50 — time-domain indices

e LF, HF, LF/HF ratio — frequency-domain indices

e SD1/SD2 (Poincaré) — non-linear indices
It should be noted that PRV and HRV are not equivalent under all physiological conditions: the PPG-to-ECG
propagation delay introduces a systematic offset, and dynamic changes in vascular tone can introduce beat-to-
beat variability in the PPG timing that is not of cardiac origin. Within the Pcardio framework, simultaneous ECG
acquisition enables direct comparison and cross-validation of HRV and PRV, which itself constitutes a
diagnostically informative feature — divergence between the two indices may reflect altered vascular tone or
autonomic dysregulation.

Associated Clinical Indicators

Oxygen Saturation and Hypoxemia Monitoring

Continuous Sp0O2 monitoring enables detection of desaturation events associated with sleep-disordered
breathing, chronic obstructive pulmonary disease (COPD), and acute cardiorespiratory decompensation. In the
context of heart failure monitoring — where pulmonary congestion may progressively impair gas exchange —
SpO2 trends provide an additional hemodynamic indicator complementary to ICG-derived TFC and PCG-based
crackle detection.

Peripheral Perfusion and Vasomotor Tone

The DC component and peak-to-peak AC amplitude of the PPG signal reflect peripheral perfusion status and
vasomotor tone. Reduced perfusion index — a low AC/DC ratio — may indicate peripheral vasoconstriction
associated with hemodynamic compromise, hypothermia, or sympathetic activation. Longitudinal perfusion
index trends, analyzed in conjunction with ICG-derived cardiac output and ECG-derived HRV, contribute to a
comprehensive assessment of the autonomic hemodynamic state.
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Respiratory Monitoring

PPG-derived respiratory rate, cross-validated against ECG-derived respiration (EDR), provides a continuous and
robust respiratory monitoring output. Elevated resting respiratory rate is an early and sensitive indicator of
cardiorespiratory decompensation, and its continuous tracking in the wearable setting adds meaningful clinical
value — particularly in the context of heart failure and post-discharge monitoring.

Autonomic Nervous System Assessment

PRV-based HRV indices, interpreted alongside ECG-derived HRV within the Pcardio framework, contribute to
the characterization of autonomic nervous system tone. The simultaneous availability of both ECG-HRV and
PPG-PRV enables a cross-modal autonomic assessment that is more robust than either measure alone, with
divergence between the two serving as an additional indicator of vascular autonomic dysregulation.

CROSS-MODAL DERIVED FEATURES

The full diagnostic potential of the Pcardio platform is realized not through individual signal modalities in
isolation, but through the temporal and physiological relationships that emerge when multiple signals are
analyzed in concert. The time-synchronized acquisition of ECG, PCG, PPG, and ICG enables the extraction of a
set of cross-modal derived features that cannot be obtained from any single channel alone. These features
span the cardiac electromechanical cycle in its entirety — from electrical activation through mechanical
contraction, valvular events, arterial pulse propagation, and peripheral vascular response — and collectively
constitute the most clinically informative layer of the Pcardio analytical framework.

The following sections describe each major cross-modal derived feature, its derivation pathway across signal
modalities, its physiological basis, and its associated clinical indicators.

SYSTOLIC TIME INTERVALS (STI)

Systolic time intervals are a family of cardiac timing parameters that quantify the duration of discrete phases
within the left ventricular systolic cycle. Their clinical value lies in the fact that they reflect myocardial
contractility and cardiac pump function through purely temporal measurements — without requiring
volumetric or pressure data — making them particularly well-suited to non-invasive wearable assessment.

PRE-EJECTION PERIOD (PEP)

The interval from the onset of ventricular electrical activation to the mechanical opening of the aortic valve
and the commencement of left ventricular ejection.

Derivation within Pcardio:

ECG Q wave onset > ICG B point
PEP

PEP can be derived via two independent pathways within the Pcardio framework, enabling cross-validation:
e ECG +ICG: Q wave onset to ICG B point — the most direct and precise derivation
e ECG +PCG: Q wave onset to PCG S1 onset — a proxy measure; note that S1 onset slightly follows aortic
valve opening, introducing a small systematic offset.

Normal range: 280 — 340 ms at rest (heart rate dependent)
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Clinical relevance: LVET reflects the duration of ventricular ejection and is related to stroke volume and cardiac
output. A shortened LVET in combination with a prolonged PEP is the hallmark hemodynamic pattern of
depressed left ventricular function.

SYSTOLIC TIME RATIO (PEP/LVET)
The ratio of the pre-ejection period to the left ventricular ejection time. STR = PEP / LVET

Normal range: < 0.40 at rest

Clinical relevance: The PEP/LVET ratio is one of the most robust and widely validated non-invasive indices of
left ventricular systolic function. Values exceeding 0.40 are consistently associated with depressed left
ventricular ejection fraction and are indicative of systolic heart failure. The ratio partially corrects for the heart
rate dependence of the individual intervals, making it more stable across varying physiological conditions than
either PEP or LVET alone. Within the Pcardio framework, STR can be computed from multiple derivation
pathways — primarily ECG+ICG — and cross-validated against PCG-derived estimates, enhancing measurement
confidence.

ISOVOLUMETRIC CONTRACTION TIME (ICT)

Definition: The interval from the onset of ventricular electrical activation to the opening of the aortic valve,
during which ventricular pressure rises without a change in volume.

Derivation: QRS onset (ECG) to B point (ICG)

Clinical relevance: ICT is prolonged in conditions of impaired ventricular pressure development, including
dilated cardiomyopathy and myocardial ischemia. It is a component of the myocardial performance index (Tei
index) used in echocardiographic assessment of global ventricular function.

CARDIAC OUTPUT CROSS-VALIDATION

The simultaneous availability of ICG-derived stroke volume and heart rate (primary CO pathway) and STI-
derived cardiac function indices (PEP, LVET, STR) enables an internal cross-validation of cardiac output
estimates within the Pcardio framework:

Parameter Primary Source Cross-Validation Source
Stroke volume (SV) ICG (Kubicek/Sramek) PTT amplitude correlation
Cardiac output (CO) ICG (SV xHR) STR trend consistency
LVET ICG (B-X interval) PCG (S1-S2interval)

PEP ICG (Q-Binterval) PCG (Q-S1interval)
PEP/LVET ICG-derived PCG-derived

Convergence across derivation pathways strengthens confidence in the hemodynamic estimates; divergence
flags potential signal quality issues or physiological anomalies warranting closer examination.
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MULTI-PARAMETRIC HEART FAILURE DECOMPENSATION INDEX

The convergence of multiple hemodynamic and physiological indicators within the Pcardio framework enables
the construction of a composite heart failure monitoring signature. The following cross-modal feature
combination is of particular clinical relevance in this context:

Feature Source Direction in Decompensation
Thoracic fluid content (TFC) ICG A Rising

PEP/LVET ratio ECG +ICG/PCG A Rising

Stroke volume (SV) ICG V Falling

Sp0O2 PPG ¥ Falling

Respiratory rate ECG/PPG/ICG A Rising

PCG crackle activity PCG ™ Emerging

HRV (RMSSD) ECG ¥ Falling

PTT PCG +PPG < Shortening

No single parameter in this set is sufficiently specific for heart failure decompensation in isolation. However,
the convergent trajectory of multiple indices across independent measurement channels — as enabled by the
Pcardio synchronized acquisition framework — constitutes a multimodal early warning signature with
substantially greater clinical specificity than any unimodal approach. This composite monitoring capability
represents one of the most clinically compelling applications of the Pcardio platform in longitudinal ambulatory
settings.

SUMMARY TABLE

Table 6 provides a consolidated cross-modal overview of the clinical assessment targets addressable by the
Pcardio platform, mapping each target to the signal modalities that contribute to its characterization. For each
clinical domain, the table distinguishes between primary sources — modalities that directly and independently
yield the relevant parameter — and supporting sources, which contribute complementary or corroborative
information. Where a modality does not meaningfully contribute to a given target, this is indicated accordingly.
The rightmost column highlights the cross-modal derived features that emerge specifically from the fusion of
two or more signal channels, representing the analytical layer that most distinctively differentiates a
synchronized multimodal platform from a collection of independent single-modality devices. As the table
illustrates, the majority of clinically significant cardiovascular targets — including myocardial contractility, heart
failure decompensation, arterial stiffness, and fluid overload — are most comprehensively addressed not by
any single modality, but through the convergence of complementary signals across the Pcardio acquisition
framework.

Clinical Target ECG ICG PCG PPG Cross-Modality
HR / rhythm Primary Supporting Supporting Supporting —
HRV Primary SWV — PRV HRV,PRV,SVV
fusion
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Myocardial Indirect PEP,ACI,HI S1 amplitude — PEP,STR
Contractility
Cardiac output — Primary — Indirect CO cross
validation
Stroke Volume — Primary — Indirect —
Valvular Indirect — Primary — EMD,STI
Diseases (Conditionally)
Fluid overload — TFC-Primary Crackles SpO2 trend TFC,crackles,Sp0O2
Heart Failure Indirect CO, SV,TFC Crackles/S1 Sp02,RR Composite index
trend
Ischemia Primary — — — —
ST changes
Arrhythmia Primary — — Screening ECG,PPG
Respiratory rate EDR Supporting — Supporting Three channel
consensus
Oxygen — Supporting — Primary (Sp02) —
saturation
CONCLUSION

The Pcardio platform represents a significant step toward the realization of comprehensive, continuous, and
non-invasive cardiovascular monitoring in a wearable form factor. By integrating four complementary
physiological signal modalities — ECG, PCG, PPG, and ICG — within a single time-synchronized acquisition
framework, the platform enables a feature space that spans the full cardiac electromechanical cycle: from the
electrical activation of the myocardium through mechanical contraction, valvular events, arterial pulse
propagation, peripheral vascular response, and intrathoracic fluid dynamics.

As documented throughout this white paper, the diagnostic value of the Pcardio platform derives not only from
the individual signal channels — each of which yields a rich set of clinically relevant features in its own right —
but more fundamentally from the cross-modal derived parameters that emerge from their synchronized fusion.
Parameters such as the pre-ejection period, systolic time ratio, pulse transit time, and the composite heart
failure decompensation index are accessible only through the precise temporal alignment of multiple signal
streams, and represent the analytical layer that most distinctively positions Pcardio relative to conventional
single-modality wearable cardiac monitors.

The platform's clinical utility spans a broad spectrum of cardiovascular conditions — including heart failure,
hypertension, arrhythmia, valvular disease, arterial stiffness, and autonomic dysfunction — and extends across
use case categories ranging from near-clinical diagnostic support to longitudinal ambulatory monitoring and
biomedical research. The explicit acknowledgment of signal-level constraints — most notably the SNR
limitations of the PCG channel under wearable conditions — reflects a commitment to transparent and
clinically credible performance characterization, and defines the boundaries within which the platform's
outputs should be interpreted.

The internal clinical pilot program currently underway will establish the quantitative performance benchmarks
necessary to translate the analytical potential described in this document into validated clinical utility. The
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breadth of the multimodal feature set, combined with the wearable form factor and extended recording
capability of the Pcardio platform, positions it as a compelling instrument for both the near-term clinical
applications and the longer-term research agenda that will ultimately define the role of continuous multimodal
physiological monitoring in cardiovascular medicine.
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