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In the rapidly evolving landscape of continuous electrocardiogram (ECG) monitoring systems, there is a heightened

demand for non-invasive sensors capable of measuring ECGs and detecting heart rate variability (HRV) in diverse

populations, ranging from cardiovascular patients to sports enthusiasts. Challenges like device accuracy, patient privacy,

signal noise, and long-term safety impede the use of wearable devices in clinical practice.
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1. Introduction

Cardiovascular diseases (CVDs) cross geographic, socioeconomic, or gender boundaries . Developed and

lower-/middle-income countries have a higher prevalence of cardiovascular risk factors, incidences of CVD and stroke,

and all-cause mortality . Additionally, the 2015 Update on Heart Disease and Stroke Statistics by the American Heart

Association (AHA) highlighted that both CVD and stroke are the leading causes of health and economic burden in the US

and worldwide. According to the World Health Organization (WHO), CVDs are the primary cause of global mortality, with

17.9 million deaths per year. The reported number of CVD deaths is expected to reach >23.6 million by 2030, up from

17.3 million in 2015 .

Electrocardiograms (ECGs) have become a routine part of any complete medical evaluation and have been used as a

diagnostic test since their discovery over 70 years ago. As an ECG provides a waveform showing the electrical activity

through the cardiac muscles, many but not all types of damage to the heart tissue can be detected by the ECG . The

gold standard 12-lead ECG configuration with its three bipolar limb leads (I, II, and III), three unipolar augmented leads

(aVL, aVR, and aVF), six unipolar chest leads (V1–V6), and a reference electrode, as shown in Figure 1, gives spatial

information about the cardiac electrical activity . A vital clinical utility of ECG measurement is in detecting acute and

chronic myocardial infarction, helping to differentiate coronary artery chest pain from non-cardiac chest pain. Another

common diagnostic role is in the identification and management of arrhythmias localizing supraventricular and ventricular

arrhythmias . Other cardiovascular diseases, such as myocarditis, pericarditis, and structural deformities, and non-

cardiovascular diseases, including hyperthyroidism and hypothyroidism, electrolyte imbalance, and pulmonary embolisms,

can manifest as alterations of the ECG curve .
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Figure 1. The placement of the leads in a standard 12-lead ECG .

2. Wearable Technology for Monitoring Electrocardiograms in Adults

Currently, ECG monitoring is being used in hospitals (e.g., ICUs, wards, and clinics), homes (telemonitoring, outpatient

ambulatory monitoring, and elderly people continuous monitoring at home), and remotely (real-time monitoring, self-

diagnosis, and activity monitoring . Some clinical indications for which short intermittent or continuous ECG monitoring

has been used are medical drug monitoring, cardiac stress testing, sports performance, fetal ECG, pre-operative

assessment, and in operative patients under general anesthesia . ECG monitoring has been used as a tool for

proactive health monitoring by tracking the physiological changes in non-clinical high-stress environments such as deep-

sea explorations, wearables in construction, high-altitude environments, and long-duration space exploration missions,

with the goal of leveraging ECGs for the early detection of cardiovascular issues and timely intervention .

In the past few decades, ECG monitoring systems have been developed, evolved, and are widely used in the healthcare

system. ECG monitoring systems are medical devices designed to record and display the electrical activity of the heart

over a period of time. There is worldwide demand for a continuous health monitoring system that can detect heart rate

variability through which cardiovascular diseases (accounting for 48% of non-communicable disease deaths, as per 2012

WHO Statistics) can be diagnosed and cured at an early stage . Serhani et al. (2020) defined a taxonomy of ‘clusters’

for ECG monitoring systems (EMSs) as Context-aware EMS, Technology-aware EMS, EMS based on Schemes and

Frequency, EMS Targets and Purposes, and Futuristic EMS, as shown in Figure 2. The second cluster of technology-

aware individuals emphasized wearable devices integrated within an ambulatory, home, or patient/user setup, providing

the means for the wireless monitoring of cardiovascular health .

Figure 2. ECG monitoring system clustering (used with permission) .

Wearable ECG devices could be in the form of an ‘on-body patch’ or a contact-less sensor as a smart watch, ‘textile-base’

vest, or capacitive sensors integrated within patients’ stretchers, beds, and wheelchairs . Regardless of the type of

sensor, these EMSs integrate with the device to record and retrieve the ECG signals and conduct processing to present a

trackable outcome. Prieto-Avalos et al. (2022) reviewed the commercial and non-commercial wearable devices for the

physical monitoring of the heart, and they concluded that the majority of such devices have ECG monitoring capacity

along with other data; however, improvement in the user’s health is limited without healthy personal habits . Table 1
categorizes these wearable devices with ECG monitoring capacity using either single-lead or multi-lead continuous or

real-time ECG. Heart rate during rest and activity can be calculated through the ECG or photoplethysmography (PPG)

sensors by calculating beat-to-beat time intervals.

Table 1. Commercial wearable devices for ECG measurement and their FDA status .

Company/Brand Product FDA Status

Watches
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Company/Brand Product FDA Status

Adidas miCoach Fit Smart NA

Apple Apple Watch series A

Biobeat BB-613WP A

Fitbit Flex, One, Charge, Sense, Versa, Luxe, Inspire A

Garmin Epix Pro, Fenix 7 pro, Venu, Tactix 7 A

Google Pixle Watch NA

Huawei Huawei Watch GT, Ultimate, Huawei Band NA

Karacus DIONE, TRITON NA

Omron HeartGuide A

Samsung Galaxy Watch 3, 4, 5, 6 A

SmartCardia INYU NA

Tom Tom TomTom Spark NA

Withings Steel HR, Move, ScanWatch Horizon A

Bands/bracelets

AliveCor Kardiaband A

BIOSTRAP Armband HRM NA

Fitbit Charge 4 A

HEALBE GoBe3 U

Microsoft Microsoft Band NA

MOCACARE MOC cuff A

Under Armour UA Band NA

Visi Mobile The Visi Mobile System A

Xiaomi Mi Smart Band 5 U

Patches

BardyDx Zio Patch A

BioTelemetry Bio Tel Heart A

Corventis Inc Nuvant MCT A

Huinno MEMO Patch NA

iRhythm Zio Patch A

MediBioSense MediBio Sense MBS HealthStream A

Preventice Solutions BodyGuardian A

Samsung S-Patch Ex A

Clothes

HealthWatch Technologies (smart garments) Master Caution A

Hexoskin (smart shirt) Astroskin NA

Medtronic (chest strap) Zephyr A

Polar (chest strap) Polar H7 Strap  

Sleeplay (smart sock) Owlet Smart Sock 3 NA

Spire Health Tag Spire NA



Company/Brand Product FDA Status

Vivometrics (smart shirt) The LifeShirt System A

Zoll (vest) LifeVest A

Miscellaneous

AliveCor (phone attachment) KardiaMobile A

Personal Activity Intelligence (phone attachment) PAI Health U

Motiv (ring) Motiv Ring NA

Oura (finger ring) Oura Ring NA

FreeWavz (smart earphones) FreeWavz-Blue U

BioSensive Technologies (earrings) Joule Earrings NA

SonoHealth EK Graph NA

Jabra (headphones) Sports Pulse Wireless Headphone NA

The FDA status is current as of January 2024. A: approved; NA: not Approved; and U: unknown.

The wearable wireless ECG devices are designed as a system of electrodes, an analog front-end (AFE), a data

acquisition (DAQ) system, a digital signal processing (DSP) unit, wireless communication technology such as Bluetooth,

IR, WiFi, and power consumption . Although many ambulatory ECG monitoring systems have been

commercialized to date, a major problem is still faced due to patients/athletes performing motion-related activities that

introduce unwanted signal noise that makes monitoring less effective . The frequency spectrum of the motion artifact

overlaps the ECG; therefore, it is the most difficult form of noise to be removed . A recent systematic review discussed

the challenges of the present monitoring systems, which are rich in diversity and variability. The key challenges identified

were manual static screening, the need to learn device operations at the user’s end, the effect on signal quality during

real-time long-term monitoring, data processing, analysis and interpretation for the amount of data generated, sensor type

and size and designs to keep it user-friendly, and being biocompatible for long-term monitoring . Moreover, advances

in mobile operating systems and the emergence of artificial intelligence bring their own benefits and challenges .
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