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Smart Sensors, Smarter Hearts: The Wearable
Revolution in Cardiology

Akilli Sensorler, Daha Akill Kalpler: Kardiyolojide
Giyilebilir Teknoloji Devrimi

ABSTRACT

Cardiovascular disease (CVD) continues to claim more lives than any other condition
worldwide. Traditional clinic visits capture only brief snapshots of health, leaving many
opportunities for prevention and early intervention unmet. Wearable technologies now
extend cardiovascular care into daily life, delivering continuous physiologic and behavioral
data that could transform how we detect, treat, and ultimately prevent CVD. This review
highlights how wearable devices, ranging from consumer-grade wristbands to advanced
sensor-embedded textiles, are reshaping cardiovascular medicine. We discuss mechanical,
optical, and electrochemical sensing modalities and their applications across the spectrum
of care: risk assessment, arrhythmia and ischemia detection, heart failure monitoring,
and cardiac rehabilitation. When paired with artificial intelligence, these devices generate
predictive insights that anticipate clinical deterioration before symptoms appear. Landmark
studies demonstrate real-world potential, but persistent challenges, including measurement
accuracy, patient adherence, data overload, and limited integration into health systems,
temper their current impact. Equally important, gaps in affordability and digital literacy
risk widening disparities in cardiovascular outcomes if not urgently addressed. Wearables
are moving cardiovascular medicine beyond the hospital and into the home, offering an
unprecedented opportunity to shift from reactive treatment to proactive, personalized, and
equitable care. Advances in multimodal sensing, artificial intelligence, and seamless health
system integration could position wearables as cornerstone tools in the fight against CVD,
provided that innovation is matched with rigorous validation, thoughtful regulation, and a
commitment to health equity.
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OzET

Kardiyovaskuler hastalik (KVH), dinya genelinde diger tim hastaliklardan daha fazla
6lime neden olmaya devam etmektedir. Geleneksel klinik ziyaretleri yalnizca sagugin kisa
streli bir anlik gérintistind sunar ve bu durum, korunma ve erken muidahale icin birgok
firsatin kacginlmasina yol acar. Giyilebilir teknolojiler artik kardiyovaskuler bakimi gtinlik
yasama tasiyarak surekli fizyolojik ve davranissal veri saglamaktadir; bu da KVH'nin nasil
tespit edildigini, tedavi edildigini ve nihayetinde nasil dnlendigini donlstirme potansiyeline
sahiptir. Bu derleme, tlketici sinifi bilekliklerden gelismis sensor iceren akilli tekstillere kadar
uzanan giyilebilir cihazlarin kardiyovaskuler tibbi nasilyeniden sekillendirdigini ele almaktadir.
Mekanik, optik ve elektrokimyasal algilama yontemleri ile bunlarin bakim slrecinin farkl
asamalarindaki uygulamalar tartisilmaktadir: risk degerlendirmesi, aritmi ve iskemi tespiti,
kalp yetersizligi izlem ve kardiyak rehabilitasyon. Yapay zeka ile birlestirildiginde bu cihazlar,
semptomlar ortaya ¢ikmadan Once klinik kotllesmeyi 0ngorebilen 6ngorisel icgdrller
tretmektedir. Oncli calismalar gercek yasamda 6nemli bir potansiyel ortaya koysa da
6lctim dogrulugu, hasta uyumu, veri fazlaligi ve saglik sistemlerine sinirli entegrasyon gibi
stregelen zorluklar mevcut etkilerini sinirlandirmaktadir. Bunun yani sira, maliyet ve dijital
okuryazarlk konularindaki esitsizlikler acilen ele alinmazsa kardiyovaskiler sonuclardaki
farklliklarin daha da artmasi riski bulunmaktadir. Giyilebilir teknolojiler, kardiyovaskuler tibbi
hastane ortaminin Otesine tasiyarak ev ortamina ulastirmakta ve reaktif tedavi yaklasimindan
proaktif, kisisellestirilmis ve esitlikci bir bakima gegis icin benzersiz bir firsat sunmaktadir.
Cok modlu algilama teknolojileri, yapay zeka ve saglik sistemleriyle sorunsuz entegrasyon
alanindaki ilerlemeler, gerekli bilimsel dogrulama, dikkatli dizenleme ve saglik esitligine
baglilk saglandigi takdirde giyilebilir cihazlan KVH ile micadelede temel araglardan biri
haline getirebilir.

Anahtar Kelimeler: Yapay zeka, kardiyovaskuUler hastalik, akilli sensorler, giyilebilir cihazlar
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ardiovascular disease (CVD) remains the leading cause of

morbidity and mortality worldwide, accounting for nearly 18
million deaths annually despite advances in prevention, diagnosis,
and treatment." Early detection of risk factors, continuous
monitoring, and timely interventions are critical to reducing
this burden. Wearable technologies have emerged as promising
tools to complement traditional approaches by enabling the
continuous, non-invasive acquisition of physiological and
behavioral data outside of clinical settings.??

Modern wearables integrate mechanical, optical, and
electrochemical sensors capable of monitoring heart rate,
rhythm, blood pressure, physical activity, and biochemical
markers in real time.*® These devices not only provide patients
and clinicians with immediate feedback but also generate large
datasets that can be harnessed by artificial intelligence (Al) to
support risk stratification, disease prediction, and personalized
management.”®

In cardiology, the potential applications of wearables span
the spectrum of care, from primary prevention and lifestyle
modification to the early detection of acute coronary
syndromes, arrhythmia surveillance, heart failure management,
and cardiac rehabilitation.>'> Consumer adoption continues to
expand, particularly among younger and middle-aged adults,
making these technologies well suited for preventive strategies.
Meanwhile, ongoing validation studies are exploring their role in
both acute and chronic disease management.'4

Nevertheless, several challenges remain, including device
accuracy, patient adherence, regulatory oversight, and integration
into clinical workflows.’™ ' Addressing these limitations will be
essential for translating wearable-derived insights into improved
cardiovascular outcomes. This review summarizes the current
landscape of wearable devices in cardiovascular medicine,
discussing sensor modalities, preventive and therapeutic
applications, and the barriers that must be overcome for
widespread clinical adoption.

Methods

This article is a narrative review intended to provide a clinically
focused overview of wearable technologies in cardiovascular
medicine. The literature was identified through targeted
searches of PubMed, MEDLINE, and Google Scholar, with
emphasis on English-language studies published between 2010
and 2024. Priority was given to landmark randomized trials,
large observational cohorts, meta-analyses, professional society
guidelines, and pivotal validation studies evaluating wearable
sensors, artificial intelligence-enabled analytics, and clinical
outcomes. Additionalreferences were selected based onrelevance
to emerging technologies, regulatory considerations, and real-
world implementation across prevention, acute cardiovascular
syndromes, arrhythmia management, heart failure, and cardiac
rehabilitation. Given the rapidly evolving nature of the field, this
review is not intended to be exhaustive but rather to synthesize
foundational and practice-informing evidence to contextualize
current capabilities, limitations, and future directions.

Sensors in Wearables
Wearable sensors are broadly categorized by their signal
transduction modality, including mechanical, optical, electrical,
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ABBREVIATIONS

AF Atrial fibrillation

Al Artificial intelligence

ASCVD Atherosclerotic Cardiovascular Disease

BCG Ballistocardiography

BEAT-HF  Better Effectiveness After Transition-Heart Failure
CR Cardiac rehabilitation

CvD Cardiovascular disease

ECG Electrocardiography

GDMT Guideline-directed medical therapy

HF Heart failure

HRV Heart rate variability

PA Physical activity

PPG Photoplethysmography

SCD Sudden cardiac death

SCG Seismocardiography

STEMI ST-elevation myocardial infarction

SVT Supraventricular tachycardias

TAVR Transcatheter aortic valve replacement

TIM-HF2  Telemedical Interventional Management in Heart Failure Il

Figure 1. Wearable modalities for cardiovascular monitoring.
Sensors can be integrated into multiple wearable devices,
including wristbands, smartwatches, chest patches, rings,
and smart textiles, enabling continuous physiologic and
biochemical monitoring.

electrochemical, and bioimpedance sensors. These sensors can
be integrated into a variety of devices, either independently or
in combination, generating continuous physiological data that
can be leveraged by artificial intelligence for cardiovascular
monitoring (Figure 1).

Mechanical and Optical Sensors

Mechanical sensors utilize capacitive, triboelectric, piezoelectric,
piezoresistive, photoelectric, and optical technologies to convert
physical forces into electrical signals. (1) Physical activity, blood
pressure, heart rate, respiration, and aspects of the cardiac cycle
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Figure 2. Representative cardiac waveforms and intervals
derived from wearable sensors. Simultaneous recordings
from electrocardiography (ECG), ballistocardiography (BCG),
seismocardiography (SCG), and photoplethysmography (PPG)
illustrate complementary mechanical and hemodynamic
signatures of the cardiac cycle across consecutive beats.
The R-R interval (RRI) is defined as the interval between
successive ECG R peaks. Derived systolic and diastolic intervals
are defined as follows: the pre-ejection period (PEP), from
the ECG Q-wave to aortic valve opening (A0O); isovolumetric
contraction time (ICT), from mitral valve closure (MC) to AO;
left ventricular ejection time (LVET), from AO to aortic valve
closure (AC); and isovolumetric relaxation time (IRT), from
AC to mitral valve opening (MO). Fiducial points (MC, AO, AC,
and MO) are identified from characteristic features in SCG
and BCG waveforms, as shown. These fiducials and intervals
are presented as representative, recognizing that precise
timing and morphology depend on sensor placement, signal
processing, and algorithmic definitions.

can be tracked using these sensors (Figure 2). Accelerometry
detects motion and physical activity. Chest placement yields
optimal accuracy, although wrist placement remains popular for
consumer devices.? Seismocardiography (SCG) records precordial
vibrations to assess ventricular contraction, relaxation, and
valvular events, with applications in heart failure monitoring.”
Ballistocardiography (BCG) measures recoil forces generated by
cardiac ejection, enabling estimates of cardiac output and blood
pressure.'® Photoplethysmography (PPG) uses optical sensors
to track blood volume changes, providing information on heart
rate, blood pressure, oxygen saturation, and cardiac rhythm.
Limitations include variations in skin tone, sweat, and strap
quality, although accuracy improves with chest-worn sensors.

Electrical, Electrochemical, and Bioimpedance Sensors

Electrical and electrochemical sensors extend wearable utility
to biochemical and electrophysiological measurements.®
Consumer electrocardiography (ECG) devices typically record
single-lead tracings and have been validated for atrial fibrillation
(AF) detection, with emerging potential for ischemia detection

296

Chaudhry et al. Wearable Revolution in Cardiology

and interval analysis.® Limitations include the need for manual
activation, although integration with PPG or multi-lead
reconstruction algorithms may expand utility. Amperometric
sensors enable enzyme-based detection of glucose and other
metabolites, and continuous glucose monitoring is already
established for improving glycemic outcomes.” Potentiometric
and voltammetric sensors allow detection of electrolytes, drugs,
and pH, although translation into wearable formats remains in
the early stages of development.?® Bioimpedance sensors can
estimate total body water and body composition, aiding fluid
management in patients with heart failure.?!

Clinical Applications of Wearable Technologies Across
Cardiovascular Care

The clinical applications of wearable technologies in cardiovascular
care continue to expand, spanning prevention, acute coronary
syndromes, electrical disorders, heart failure management, and
cardiac rehabilitation. However, the clinical maturity of these
applications varies substantially (Table 1). Clinically validated
outcome improvements have been demonstrated when wearables
are embedded within structured care pathways, such as targeted
atrial fibrillation screening, selected heart failure telemonitoring
programs, wearable cardioverter-defibrillator therapy, and home-
based cardiac rehabilitation, where continuous physiological data
directly inform actionable clinical decisions. In contrast, the clinical
utility of several emerging applications, including AF burden-
guided management and post-procedural rhythm surveillance,
remains under investigation. Other technologies, such as ischemia
detection using smartwatch ECG surrogates and non-invasive
biochemical sensing, remain in the early conceptualization phase.

Wearables in Prevention

Most smartwatch users are under 50 years old, making them
an ideal population for preventive strategies.® Traditional
cardiovascular risk calculators, such as the Atherosclerotic
Cardiovascular Disease (ASCVD) 10-year score, do not capture
dynamic lifestyle and physiological factors. Wearables can
provide continuous data on sleep, resting heart rate, and heart
rate variability, which are associated with cardiometabolic risk.'%2

Beyond monitoring, wearables can support behavior change.
In the All of Us program, higher daily step counts tracked by
wearables correlated with lower rates of hypertension, diabetes,
and sleep apnea.?* Randomized trials such as BE FIT (Behavioral
Economics Framed Incentives Trial) and ENGAGE (Encouraging
Goals And Gamified Exercise) demonstrated that gamification
and goal-setting interventions increased physical activity,
including among disadvantaged populations.?* While activity
levels consistently improve, translation into sustained reductions
in blood pressure or glycemia remains limited, often due to short
follow-up durations.?®

Wearables also enable just-in-time adaptive interventions
(JITAIs), in which real-time prompts encourage healthy behavioral
choices. However, current systems remain limited, with delayed
or non-personalized notifications.?®

Pharmacologic prevention remains essential. Wearables may
enhance hypertension screening and medication titration, while
novel technologies such as smart contact lenses show promise
for non-invasive cholesterol monitoring.?’
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Table 1. Clinical impact and evidence maturity of wearable technologies across cardiovascular scenarios

Clinical scenario Primary wearable Evidence of outcome Evidence Interpretation
function modification maturity
Atrial fibrillation screening ~ Rhythm detection Yes (selected populations) - Validated Outcomes improve when
(PPG/ECG) Increased AF diagnosis and targeted to high-risk populations
anticoagulation initiation; stroke within structured care pathways
reduction suggested
AF burden monitoring/ Burden quantification, Potential benefit - Improved Emerging Decision-support tool with
post-cardioversion rhythm confirmation  rhythm-guided management; evolving outcome impact
outcomes under investigation
Supraventricular Episodic rhythm No clear outcome benefit - Early Decision-support tool with

tachycardia

documentation

Improves diagnostic yield and
referral efficiency

conceptualization

evolving clinical impact

Bradyarrhythmias/
conduction disease

Event-triggered ECG
capture

Limited — Case-based detection;
no population-level outcome data

Early
conceptualization

Primarily diagnostic or monitoring
with indirect benefit

Acute coronary syndromes  Ischemia detection Not yet - Feasibility demonstrated;  Early Primarily diagnostic/monitoring;
(STEMI) via ECG surrogates no outcome trials conceptualization not outcome-modifying
Heart failure remote Volume status, Yes (selected populations) - Validated Monitoring/adjunctive strategy:;
monitoring activity, and Reduced hospitalizations in outcome-modifying when
physiologic trends structured trials embedded in structured programs
Post-TAVR rhythm Detection of Potential benefit - Earlier detection Emerging Outcome-modifying in
surveillance conduction and facilitation of safe early procedural care
abnormalities discharge
Cardiac rehabilitation Activity tracking, Yes - Comparable outcomes to Validated Outcomes improved through
feedback, adherence  center-based cardiac rehabilitation expanded access and adherence
support
Primary prevention/ Activity, sleep, and Mixed - Behavioral change Emerging Indirect outcome benefit
lifestyle modification HRV monitoring demonstrated; limited hard
outcome data
Sudden cardiac death Arrhythmia detection  Yes - Reduced arrhythmic Validated Outcome-modifying with a

prevention (SCD)

and therapy

mortality in selected populations

direct therapeutic role

Wearables in Acute Coronary Syndromes

The diagnosis of ST-elevation myocardial infarction (STEMI)
conventionally requires ST-segment changes in at least two
contiguous leads on a standard 12-lead electrocardiogram (ECG),
a requirement that underscores the fundamental limitation of
current wearable devices. These devices are not a substitute
for a conventional 12-lead ECG and typically generate single-
lead tracings.?® A wrist-worn device producing an Einthoven
lead | equivalent demonstrates excellent specificity (100%) but
limited sensitivity (34%) for detecting ischemic changes.?

The diagnostic potential improves when sensors are repositioned
to generate additional leads. Placement on the ankle or left lower
abdominal wall can reproduce Einthoven leads Il and Ill, while
positioning across the chest wall can approximate precordial
leads V1-V6.3%37 While technically feasible, these approaches
are less practical in routine use and are highly dependent on user
technique, sensor positioning, and signal quality, all of which
may introduce variability and error.

Clinical validation is emerging. In a study of 81 patients
presenting with suspected acute coronary syndrome, sequential
smartwatch-derived ECGs were compared with standard
12-lead recordings. Physicians correctly identified ST elevation
with an accuracy of 95%." Despite these promising findings,
commercially available devices currently lack integrated artificial
intelligence algorithms to automatically interpret ST-segment
changes or baseline ECG abnormalities. As such, the current

clinical utility of wearable ECGs in acute coronary syndromes is
best confined to clinician-led pathways, such as remote triage,
teleconsultation, or resource-limited settings, rather than self-
diagnosis without clinician oversight.

Looking ahead, the development of wearable systems capable
of generating true multi-lead ECGs, such as sensor-embedded
garments, combined with advanced Al-driven algorithms
for automated detection, could substantially enhance early
recognition of STEMI and other acute coronary syndromes.

Wearables for Electrical Abnormalities

Electrocardiography and photoplethysmography form the
foundation of wearable arrhythmia detection. Initially validated
for atrial fibrillation, these technologies are increasingly
being applied to other electrical abnormalities, including
supraventricular tachycardias (SVT), bradyarrhythmias, sudden
cardiac death (SCD) risk, and drug- or post-procedural
monitoring. Current devices typically generate single-lead ECG
tracings equivalent to lead |, which can reliably detect AF but
may be less informative for other arrhythmias. Nonetheless,
advancements in Al algorithms and multi-lead configurations
are rapidly expanding their utility.3234

Atrial Fibrillation

Atrial fibrillation is a major cause of stroke and heart failure, with
many patients remaining asymptomatic.*>3” Wearables enable
large-scale screening, particularly among high-risk individuals
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with elevated CHA,DS,-VASc scores (Congestive Heart Failure,
Hypertension, Age = 75 vyears, Diabetes Mellitus, Stroke/
Transient Ischemic Attack/Systemic Embolism, Vascular Disease,
Age 65-74 years, Sex Category). Compared with traditional
Holter monitors, smartwatches and adhesive patches are less
burdensome and allow longer monitoring periods.*’

The Apple Heart Study, enrolling over 400,000 participants,
demonstrated that a PPG-based irregular pulse notification had
an 84% positive predictive value for atrial fibrillation,' while the
mSToPS trial (mHealth Screening to Prevent Strokes) showed
that continuous patch monitoring increased AF diagnosis and
anticoagulation at one year, with an associated reduction in
stroke risk at three years.383° Despite these findings, the clinical
implications of widespread AF screening remain controversial,
as device accuracy varies across real-world settings and
increased AF detection has not consistently translated into
reductions in adverse clinical outcomes.®*4! Accordingly,
effective AF screening with wearables requires a clearly defined
clinical implementation pathway in which device-generated
alerts prompt structured triage and confirmatory clinician-
interpreted ECG testing rather than automatic diagnosis or
treatment. Without standardized workflows for documentation,
escalation, and management of inconclusive or low-quality
recordings, false positives, incidental findings, and increased
clinician workload may offset potential benefits. In this context,
the ongoing HEARTLINE trial (Heart Health Study Using Apple
Watch to Investigate Effects of Notifications and Engagement)
will evaluate whether systematic AF screening using combined
PPG and ECG features on a wearable device paired with an
iPhone application can accelerate AF diagnosis and improve
cardiovascular outcomes, including stroke and treatment
adherence, in older adults.*

Beyond detection, wearables offer the ability to quantify AF
burden, highlighting an important tension between guideline-
based management and wearable-derived evidence. Current
guidelines recommend anticoagulation based on stroke risk
scores irrespective of AF burden, prioritizing stroke prevention and
reflecting concerns regarding undertreatment. However, growing
evidence suggests that AF burden is biologically and clinically
relevant, with lower AF burden associated with substantially
reduced thromboembolic risk, challenging the traditional binary
framework of AF as simply present or absent.** The REACT.COM
pilot trial (Rhythm Evaluation for Anticoagulation with Continuous
Monitoring) demonstrated that implantable monitor-guided
intermittent anticoagulation reduced therapy duration by 94%
without increasing thromboembolic events.** The iCARE-AF
pilot trial (Intermittent vs. Continuous Anticoagulation Therapy
in Patients with Atrial Fibrillation) further demonstrated that
daily smartphone ECG-guided intermittent anticoagulation
in patients with paroxysmal AF was feasible and may reduce
bleeding compared with continuous therapy without increasing
thromboembolic events.*> Attempts to translate burden-
guided strategies to consumer wearables have been limited by
adherence and data continuity, although larger trials such as
REACT-AF (Rhythm Evaluation for AntiCoagulaTion for Atrnoial
Fibrillation) are ongoing. Wearables may also assist with rate-
control strategies and with confirming AF persistence prior to
cardioversion. 4647
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Supraventricular Tachyarrhythmias

Several reports describe smartwatch detection of SVT, with
patients capturing tracings during symptomatic episodes.*4°
However, current devices often underestimate brief arrhythmias
(< 60 seconds), and PPG frequently underreports peak rates.* In
a prospective study of 47 patients with induced atrioventricular
nodal reentrant tachycardia (AVNRT), atrioventricular reentrant
tachycardia (AVRT), or atrial tachyarrhythmia, single-lead
smartwatch tracings yielded sensitivities between 66% and
77% depending on the interpreter.>” While diagnostic accuracy
remains below that of standard ECG, the demographic most
prone to SVT—patients under 50 years of age—is also the most
receptive to wearable adoption, suggesting a growing role for
these devices as algorithms improve.*°

Bradyarrhythmias

Wearables have more limited application in bradyarrhythmia
detection, as recordings usually require patient initiation. This
limitation hinders use in presyncope orsyncope, where continuous
monitoring is preferable. Nevertheless, case reports describe
smartwatch detection of complete heart block and medication-
induced bradycardia.>>3 In one study, physicians identified all
bradycardia cases among 216 participants using smartwatch
tracings, although differentiation between sinus rhythm and
atrioventricular (AV) block was less reliable (81%). Accuracy
improved to 95% when alternative sensor positions were used
to generate pseudo-precordial leads.® Algorithms capable of
automatically triggering ECG recording based on bradycardic PPG
signals are in development but remain unvalidated.

Sudden Cardiac Death

Wearable cardioverter-defibrillators (WCDs) are established
as a bridge to implantable defibrillators, reducing SCD risk by
detecting and treating ventricular tachycardia or fibrillation,
although inappropriate shocks remain a concern.>*>> Beyond
therapy, consumer wearables may help screen for conditions
predisposing to SCD. In young adults, repositioning a smartwatch
to chest-lead equivalents increased detection of Brugada
syndrome, hypertrophic cardiomyopathy, long-QT, and pre-
excitation from 64% to 89% compared with 12-lead ECGs,
although cardiologist interpretation was required.*¢

For out-of-hospital cardiac arrest, early recognition remains
the weakest link in survival. The HEART-SAFE project (Heart
Attack Early Recognition Technology for Sudden Arrest and
Fatal Events) is developing Al algorithms to detect cardiac arrest
from smartwatch PPG and motion data and automatically alert
emergency services, although clinical validation is pending.>’

Drug and Post-Procedural Monitoring

Many antiarrhythmic agents prolong the QT interval,
necessitating monitoring. During the coronavirus disease 2019
(COVID-19) pandemic, remote QT assessment using devices
such as the Apple Watch and KardiaMobile was explored, with
studies showing good concordance with 12-lead ECGs when
multi-position recordings were used.3*% Further trials are
required before routine clinical integration.

After transcatheter aortic valve replacement (TAVR), wearables
have shown promise in detecting conduction abnormalities. In
one study, smartwatch monitoring detected 76% of conduction
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disturbances, while the SMART TAVR trial (Smartwatch
Monitoring for Arrhythmias after Transcatheter Aortic Valve
Replacement) demonstrated the feasibility of early discharge
with ongoing remote rhythm surveillance.**% These findings
highlight the potential for wearables to streamline post-
procedural care, although larger safety studies are needed.

Wearables in Heart Failure

Heart failure (HF) remains a leading cause of hospitalization
and healthcare utilization worldwide. Remote monitoring
through wearables offers opportunities to reduce readmissions,
guide therapy, and improve quality of life, although the lack
of standardization and limited randomized trial evidence have
slowed widespread adoption.361-63

Monitoring Volume Status

Conventional approaches to heart failure volume assessment
rely on weight, blood pressure, and oxygen saturation,
which are burdensome and inconsistently predictive of
decompensation.® Large randomized trials such as TIM-HF2
(Telemedical Interventional Management in Heart Failure
I1) and BEAT-HF (Better Effectiveness After Transition-Heart
Failure) assessed comprehensive telemonitoring care models
that combined wearable-based ECG, blood pressure, and
pulse oximetry with predefined monitoring schedules and
structured clinical response protocols. In TIM-HF2, this
integrated telemedical strategy reduced hospitalization days
and improved survival compared with usual care, whereas
BEAT-HF highlighted the critical importance of adherence,
with only 61% of elderly participants maintaining sustained
engagement.t%2 These findings underscore that wearable
devices can yield clinical improvements when integrated into
structured care pathways that enable timely and actionable
clinical responses.

Implantable hemodynamic monitoring provides an important
benchmark for congestion-guided management. Devices
such as CardioMEMS have demonstrated that pulmonary
artery pressure-guided therapy can reduce heart failure
hospitalizations by nearly 40%, establishing a high evidentiary
standard for physiologic monitoring.®® Non-invasive wearable
approaches aim to approximate this paradigm but currently lack
comparable outcome-levelvalidation. Wearable bioimpedance-
based systems, such as the U.S. Food and Drug Administration
(FDA)-cleared ReDS (Remote Dielectric Sensing) vest, show
promise for monitoring pulmonary congestion, with early
studies reporting fewer 30-day readmissions and improved
self-care following hospitalization.5>%¢ Emerging technologies
such as seismocardiography and multisensor patches analyzed
with Al have further demonstrated the ability to predict
decompensation several days before clinical presentation.” ¢

Disease Stratification

Accelerometer-based measures of physical activity (PA) are
reliable prognostic markers in HF. Multiple studies show that
reduced PA and greater variability are associated with worse
outcomes, including mortality and rehospitalization.%®7°
Accelerometry may also objectively approximate the New
York Heart Association (NYHA) functional class, providing a
more reproducible measure of disease severity than traditional
clinician assessment.”"”2 In addition, wearables themselves can
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act as behavioral interventions: structured PA programs delivered
through these devices have improved exercise adherence and
functional status in patients with HF.7374

Titration of Guideline-Directed Therapy

Optimal use of guideline-directed medical therapy (GDMT)
improves outcomes in heart failure with reduced ejection
fraction (HFrEF), but real-world titration is often suboptimal.
Wearables can provide continuous heart rate and blood pressure
measurements to aid clinicians in dynamic therapy adjustment.”
The Zoll LifeVest has been investigated not only for arrhythmic
protection but also as a remote monitoring tool for GDMT
titration and treatment response.”®

Non-invasive potassium monitoring remains experimental,
but proof-of-concept studies using PPG-based sensors have
demonstrated clinically meaningful precision in detecting
hyperkalemia.”” Finally, heart rate variability (HRV) derived from
wearable ECG and PPG signals may identify patients most likely to
respond to cardiac resynchronization therapy (CRT), supporting a
more personalized approach to device therapy.”

Wearables in Cardiac Rehabilitation

Cardiac rehabilitation (CR) integrates exercise training, education,
and lifestyle modification to promote secondary prevention,
thereby reducing morbidity and mortality. The American Heart
Association (AHA) recommmends CR as a class | intervention for
patients following myocardial infarction, revascularization, or a
new diagnosis of heart failure.”# Yet, traditional CR remains
underutilized due to cost, travel requirements, and limited
access, driving interest in home-based programs with wearable-
enabled remote monitoring.

Evidence supports this approach. A Cochrane review found
home-based CR to be as effective as center-based programs for
class | indications.®' The REMOTE-CR trial (Remotely Monitored
Exercise-Based Cardiac Telerehabilitation) demonstrated that
chest-worn wearables providing individualized feedback on
heart rate, physical activity, and respiration produced outcomes
equivalent to those of in-center rehabilitation, but at lower
cost.® Similarly, the SmartCare-CAD study (SmartCare for
Coronary Artery Disease) showed that continuous data sharing
from wearables, even without specialist feedback, reduced
relapse into sedentary behavior.®®

Consumer-grade wearables are increasingly being studied in CR.
A pilot program using Fitbit devices for patients with heart failure
combined exercise and nutrition guidance with app-based
messaging. At three months, patients demonstrated greater
improvements in 6-minute walk distance and muscle strength
compared with usual care, although adherence was modest
(73%) and the trial was limited to 30 participants.®

Overall, wearables have the potential to expand access to CR,
promote adherence, and improve outcomes. Future work should
determine which populations benefit most, how to optimize
engagement, and whether consumer devices can be standardized
to meet clinical quality benchmarks.

Limitations of Wearable Devices in Cardiology
Although wearable technologies show great promise in
cardiovascular medicine, several challenges limit their routine
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clinical application. These include concerns about accuracy, data
interpretation, patient adherence, regulatory oversight, privacy,
system integration, and equitable access. Addressing these
barriers will be critical for safe and effective adoption.

Accuracy and Reliability of Data

Most consumer wearables are not designed as medical-grade
devices, and variability in measurement accuracy remains a major
concern. Heart rate and rhythm detection, in particular, can
differ substantially across devices, use conditions, and patient
populations, occasionally resulting in clinically meaningful
misclassification or false reassurance. Such variability limits
confidence in wearable-derived data for diagnostic or therapeutic
decision making."

Data Overload and Interpretation

Continuous physiologic monitoring generates large volumes of
data that may overwhelm both clinicians and patients. Although
artificial intelligence and machine learning algorithms offer
potential solutions for signal filtering and pattern recognition,
these tools remain vulnerable to algorithmic bias, limited training
datasets, and context-specific errors. These limitations can lead to
false alerts or missed diagnoses, particularly in underrepresented
populations. The absence of standardized analytic frameworks
further restricts clinical interpretability and adoption.”

Limited Validation for Clinical Decision-Making

While select wearable technologies have received regulatory
clearance for defined indications, such as single-lead ECG
rhythm analysis, many devices lack rigorous validation for guiding
therapy in complex cardiovascular conditions, including heart
failure. Clinical trials evaluating wearable-guided management
strategies remain limited, and long-term outcome data are
sparse. As a result, wearable-derived information currently serves
primarily as an adjunct rather than a replacement for established
clinical assessment and monitoring strategies.®

Patient Adherence and Engagement

Long-term adherence to wearable use is inconsistent. Factors
such as device discomfort, limited battery life, technical
complexity, and frequent maintenance requirements contribute
to declining engagement over time. These challenges are
particularly pronounced among older adults and patients with
multiple comorbidities. In addition, disparities in digital literacy
and access further limit sustained use, highlighting the need
for user-centered design, simplified interfaces, and structured
onboarding and support strategies.'®

Privacy

Wearables collect sensitive cardiovascular data that must be
securely transmitted and stored. Regulatory frameworks such
as the Health Insurance Portability and Accountability Act
(HIPAA) do not fully address these risks, and patient concerns
about third-party access persist. Clear frameworks are needed
to govern data ownership, informed consent, and third-party
access. Patients should retain transparency and control over
how wearable-derived data are stored, shared, and monetized.
Core safeguards include encryption, role-based access, audit
trails, and explicit opt-in consent for secondary data use beyond
clinical care. Existing regulatory standards will need to evolve to
address these emerging risks.#85
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Interoperability

Limited interoperability with electronic health records can
hinder seamless workflow integration, underscoring the need
for standardized data formats and integration pathways.
Similarly, Al-generated clinician-facing outputs should
prioritize concise, actionable summaries and trend-based
alerts rather than continuous raw data streams to reduce
cognitive burden. Aligning wearable outputs with existing
clinical decision-support frameworks will be critical for
sustainable use.®

Accessibility and Equality

Without measured implementation strategies, wearable
technologies risk exacerbating existing disparities in
cardiovascular care.®® To mitigate cost and digital literacy
barriers, implementation strategies may include reimbursement
pathways through public and private payers, institutional loaner
or prescription-based wearable programs, and multilingual
onboarding supported by accessible technical assistance.
Validation studies must also deliberately include diverse
populations, accounting for differences in age, sex, comorbidity
burden, and skin tone-related variability in optical sensors such
as photoplethysmography, to minimize performance disparities
and algorithmic bias.

Future Directions

Wearable technologies are poised to transform cardiovascular
care from reactive treatment to proactive, preventive
medicine. Next-generation devices capable of simultaneously
capturing electrophysiologic, hemodynamic, and biochemical
signals, combined with artificial intelligence, may enable
early detection of arrhythmias, ischemia, and heart failure
decompensation while delivering personalized risk insights. To
realize this promise, large outcomes trials must demonstrate
meaningful reductions in morbidity, mortality, and healthcare
costs across diverse populations. Seamless integration
with electronic health records will be essential to translate
continuous data into actionable clinical decisions, while equity
in access and digital literacy must be prioritized to prevent
widening disparities. Regulatory frameworks that ensure
accuracy, security, and privacy will provide the foundation for
safe adoption. Ultimately, success will depend on designing
systems that sustain engagement, positioning wearables as
active partners in cardiovascular care and as cornerstones of
the future of heart health.

Conclusion

Wearable technologies are reshaping the landscape of
cardiovascular medicine by bridging the gap between continuous
physiological monitoring and real-world patient care. With
capabilities spanning mechanical, optical, and electrochemical
sensing, these devices provide unprecedented access to dynamic
data on heart rate, rhythm, blood pressure, physical activity,
fluid status, and even biochemical markers. When combined
with advances in artificial intelligence and machine learning,
wearable-derived datasets offer powerful opportunities for
early disease detection, risk stratification, and personalized
management that extend beyond the scope of conventional
clinic-based assessments.
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In prevention, wearables can complement traditional risk
calculators by capturing lifestyle and physiological trends in
real time, supporting just-in-time interventions and long-term
behavior change. In acute care, emerging systems capable
of multi-lead ECG acquisition and automated interpretation
may enhance early recognition of ischemia and arrhythmias,
potentially narrowing the time to reperfusion and reducing
sudden cardiac death. For patients with heart failure, multisensor
approaches integrating accelerometry, bioimpedance, and
seismocardiography, analyzed through predictive algorithms,
may enable preemptive interventions before decompensation
occurs. Similarly, in cardiac rehabilitation, remote wearable-
enabled programs can expand access, improve adherence, and
reduce disparities in secondary prevention.

Despite these advances, key challenges remain. Device accuracy
and reliability vary across settings, and sustained adherence is
often poor, particularly among older patients. Integration with
electronic health records is limited, regulatory frameworks
remain underdeveloped, and large-scale trials demonstrating
improved long-term outcomes are scarce. Moreover, equitable
access and affordability must be prioritized to ensure that
the benefits of these technologies are not confined to select
populations.

Looking forward, the convergence of sensor miniaturization,
multimodal integration, and next-generation Al will likely
yield wearables capable of comprehensive cardiovascular
surveillance and real-time therapeutic guidance. Future
devices may continuously monitor ischemia, arrhythmia,
hemodynamics, and metabolic status in parallel, enabling
a shift from reactive treatment to proactive, individualized
care. Advances in remote diagnostics, digital therapeutics,
and closed-loop management systems could further embed
wearables into the continuum of cardiovascular care, reducing
hospitalizations and improving survival.

If these scientific, technical, and policy challenges are
successfully addressed, wearable devices stand poised to
become indispensable components of cardiovascular medicine.
By extending care beyond clinic walls and empowering both
patients and providers with actionable insights, wearables have
the potential to transform cardiovascular disease from the leading
global cause of death into a condition managed more effectively,
equitably, and preventively in the decades to come.
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