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Abstract

Traditional measures of clinical status and physiology have generally been based in health care 

settings, episodic, short in duration, and performed at rest. Wearable biosensors provide an 

opportunity to obtain continuous non-invasive physiologic data from patients with congenital 

heart disease (CHD) in the real-world setting, over longer durations, and across varying levels 

of activity. However, there are significant technical limitations to the use of wearable biosensors 

in CHD. Here, we review current applications of wearable biosensors in CHD; how clinical 
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and research uses of wearable biosensors must consider various CHD physiologies; the technical 

challenges in developing wearable biosensors for CHD; and special considerations for digital 

biomarkers in CHD.
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Traditional measures of clinical status and physiology including lab tests, imaging studies, 

and vital sign monitoring have generally been performed in clinic or hospital settings, 

and are usually episodic, short in duration, and performed at rest. Recently, focus has 

shifted toward more continuous and at-home care delivery,1 accelerated by the COVID-19 

pandemic. Wearable biosensors, a subset of biometric monitoring technologies2 and digital 

health tools,3 provide an opportunity to obtain wearable-derived, non-invasive continuous 

physiologic data from patients in the real-world setting, over longer durations, and across 

varying levels of activity, stress, and time of day, enabling the development of digital 

biomarkers.3 Wearable biosensors have already been adopted in cardiovascular care in 

adults ranging from diagnosing and monitoring heart rhythm abnormalities to reduction in 

heart failure admissions,4 and when used primarily at the consumer level, have formed the 

cornerstone of the “quantified self.”5 However, the use of wearable biosensors has been 

limited for patients with congenital heart disease (CHD).

The goal of this review is to discuss the development and use of wearable biosensors in 

CHD, highlighting technical and physiologic challenges and suggesting potential strategies 

to overcome those challenges. We also review current applications of wearable biosensors 

in CHD; how clinical and research uses of wearable biosensors must consider various CHD 

physiologies; the technical challenges in developing wearable biosensors for CHD; and 

special considerations for digital biomarkers in CHD.

CURRENT USE OF WEARABLE BIOSENSORS IN CONGENITAL HEART 

DISEASE

Remote patient monitoring, as a concept, is well-established in pediatric cardiology. Recent 

publications outline the use of tele-electrocardiography and remote telehealth visits for 

CHD,6,7 and of home monitoring programs using remote intermittent data collection and 

frequent telehealth and in-person visits for interstage single ventricle patients.8 The goal 

of these programs is to understand the physiology of the patient at any given time, so the 

natural extension would be to understand perturbations of that physiology on a continuous 

basis. However, little is known about how to use wearable biosensors to obtain continuous 

physiologic data from patients with CHD, and what to do with those data once generated. 

Based on clinical experience and industry studies, it is known that patients and caregivers are 

using wearable biosensors to monitor themselves or their children with CHD.9 Anecdotally, 

the most common uses appear to include tracking heart rate, activity/step counts, arrhythmia 

burden, and oxygen saturation (example biosensor form factors and measurements outlined 

in the Central Illustration).10 This is in addition to the commonly-used short- and mid-term 
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heart rate and arrhythmia tracking done clinically through the use of Holter monitors and 

patch-style rhythm monitors.11 Unfortunately, there are no current standards of care for the 

use of wearable biosensors, especially pulse oximeters, in CHD (excluding Holter monitors), 

nor real standards in adult cardiology either.4 Further, many of these biosensors lack peer-

reviewed or published analytical validation data12 in infants, children, or adults with CHD.10 

There have been small studies looking at heart rate in children and adults with CHD showing 

reasonable accuracy,13,14 small studies of portable (but not wireless) pulse oximeters for 

cyanotic infants showing that both the hospital and the wearable pulse oximeters were 

inaccurate at low saturation levels,15 and a number of studies focused on step counts.16–18 

To our knowledge, at present there are no Food and Drug Administration–cleared wireless, 

wearable pulse oximeters or heart rate monitors for infants for use at home.

Other wearable biosensors that measure parameters beyond traditional vital signs like heart 

rate and oxygen saturation are being developed as well, usually adapted from technologies 

made for adults. For instance, seismocardiography, which measures chest vibrations,19 

and electrical volumetry, which measures chest impedance,20 have been recently tested in 

cardiac output measurement in patients with CHD. However, these technologies have not yet 

reached technical feasibility for clinical use.

CLINICAL AND RESEARCH USE OF WEARABLE BIOSENSORS MUST 

CONSIDER THE DIFFERENT PHYSIOLOGIES OF CHD

OVERALL FRAMEWORK.

The use of wearable biosensors in CHD, whether clinical or research, must be informed by 

the clinical scenario and designed to be fit-for-purpose2 by considering:

What types of continuous physiologic data might provide the appropriate insights for a 

specific patient, given their current physiologic state? (Table 1)

What are the relevant clinical outcomes, or even “current standard”2 in-clinic or in-hospital 

measures, to which to compare the wearable data?

What data analysis may be needed to transform the wearable physiologic data? And, 

especially in the clinical setting, what interventions could be taken based on these analyses?

For some physiologies described below, the goal for monitoring with wearable biosensors 

may not be to predict or identify acute events, but to have earlier recognition of a more 

chronic decline (such as ventricular or liver function).

The example of adult heart failure management is instructive, demonstrating how 

wearable biosensors may replace invasive hemodynamic measurements. In the CHAMPION 

(CardioMEMS Heart Sensor Allows Monitoring of Pressure to Improve Outcomes in 

NYHA Class III Heart Failure Patients) study,21 the goal was to reduce heart failure 

readmission by using an implanted pressure sensor to determine pulmonary artery pressure. 

The managing cardiologists titrated diuretics based directly on pulmonary artery pressure, 

and using this additional hemodynamic data, there was a 37% reduction in heart-failure-
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related hospitalization in the treatment group. In comparison, the LINK-HF (Multisensor 

Non-invasive Remote Monitoring for Prediction of Heart Failure Exacerbation) study22 used 

a non-invasive wearable biosensor to try to accomplish the same goal. Retrospectively, they 

used a wearable biosensor applied to the chest that collects continuous electrocardiographic 

(ECG) waveform, continuous 3-axis accelerometry, skin impedance, skin temperature, 

and information on activity and posture. Derived data include heart rate, heart rate 

variability, arrhythmia burden, respiratory rate, gross activity, walking, sleep, body tilt, and 

body posture. Researchers used the first 72 hours after discharge to generate a baseline 

physiologic model for a given patient, then their system generated a score about how 

abnormal the biomarkers were compared to this baseline. In this study, their algorithm 

generated an alert a median of 6.5 days before heart failure hospitalization. These studies 

provide examples for using multiple physiologic parameters and advanced analytics to relate 

non-invasive continuous physiologic data to either directly to measurable parameters like 

pulmonary artery pressure, clinical outcomes, or other actionable insights in CHD as well.

Below, we describe 3 clinical scenarios where wearable biosensors may provide additional 

insights from patients with CHD in the real world, and some technical considerations in each 

of these populations.

INTERSTAGE SINGLE VENTRICLE HEART DISEASE.

Patients with functional single ventricle heart disease who are between stage I and stage 

II of palliation have a unique physiology where a shunt directly connects the systemic 

and pulmonary circulations, which run in parallel instead of in series. These patients are 

extremely vulnerable to sudden changes in pulmonary and systemic vascular resistance, and 

at risk for shunt thrombosis, arrhythmias, and other complications, which may be evident in 

oxygen saturation and heart rate changes. Because of this instability, interstage patients are 

at high risk of cardiovascular collapse and death.23 The causes of mortality are not always 

clear and mortality is often unpredictable, as evidenced by the fact that over half the deaths 

occur at home or in the emergency room.24 Unfortunately, identifying effective interventions 

for interstage patients has proven difficult. The current standard of care monitoring for 

interstage patients includes weekly clinic visits, daily pulse oximetry and weight checks at 

home, and significant family education, and the implementation of this intense monitoring 

may have decreased overall mortality.23,25 Collection and analysis of wearable-derived 

continuous physiologic data could help define what the true baseline oxygen saturations and 

heart rates are for a specific interstage patient, and then identification of anomalies in these 

data could provide early warning of these high-risk scenarios, allowing timely intervention 

and improved outcomes (Figure 1).

Analysis of time-series data are already showing promise in the pediatric cardiac intensive 

care unit setting for interstage patients. Recently, prediction of oncoming cardiorespiratory 

deterioration within 1 to 2 hours could be achieved using a combination of waveform ECG 

data, chest impedance, vascular pressures, heart rate, respiratory rate, oxygen saturation, 

ST-segment changes, and blood pressure.26 This risk index algorithm was able to predict 

deterioration with an area under the curve of 0.96, and set a threshold that yielded a true 

positive rate of 45% with a false positive rate of 0.2%. In the future, it may be possible 
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to apply this approach to continuous physiologic data in the outpatient setting, akin to the 

LINK-HF study described above.22

PATIENTS BEFORE AND AFTER A MAJOR INTERVENTION.

A critical question in many forms of CHD is the optimal timing of major interventions. For 

instance, the standard surgical interventions for tetralogy of Fallot (TOF) in infancy often 

lead to pulmonary regurgitation and residual right ventricular (RV) outflow tract obstruction, 

which over time can lead to RV and left ventricular (LV) failure in 25% of adults. Many 

patients with repaired tetralogy of Fallot will have to undergo pulmonary valve replacement 

(PVR) to address these sequelae. The current standard of care for monitoring patients with 

tetralogy of Fallot is annual echocardiograms when patients are young, cardiac magnetic 

resonance imagings when they get older, ECGs and Holter monitors as needed, annual stress 

tests, and routine semiannual to annual clinic visits.27

Current recommendations pertaining to timing of PVR rely on heart failure symptoms, 

sustained tachyarrhythmias related to volume overload, exercise intolerance, and cardiac 

magnetic resonance imaging criteria.28 However, timing of PVR and predicting outcomes 

after PVR continue to be debated among congenital cardiologists because these “traditional” 

cutoffs have limited sensitivity and specificity: 30% to 40% of patients do not show positive 

ventricular remodeling after PVR.29 Moreover, most of these metrics are intermittent and 

based on in-hospital testing, with only patient-reported symptoms representing continuous, 

outside the hospital, real-life indicators.

Wearable sensors could assist in identifying the best time for PVR in multiple ways. 

First, they could be used to quantify arrhythmia burden with wearables that are easier 

or longer-lasting than Holter monitors, similar to atrial fibrillation detection in adults via 

smartwatch.30 Wearable continuous physiologic data could also be used to correlate to in-

hospital test results; in adults, smartwatch data have been used to correlate to peak VO2.31,32 

Further, novel correlations could be calculated from wearable continuous physiologic data 

to cardiovascular magnetic resonance parameters like using 1-lead ECG to predict low 

ejection fraction, as in adults (Figure 2).33 Finally, novel metrics could be derived from 

combining step count, activity, heart rate, and other data from the wearable biosensor to 

assess functional status. Similar frameworks could be used to look for physiologic changes 

before and after PVR as well, or extended to other scenarios including before and after aortic 

valve replacement, ventricular assist device for heart failure, initiation of new medications or 

physical activity regimens, or act as the basis of N-of-1 studies.34

There are currently significant limitations to implementing these in clinical practice. 

Most importantly, most wearable biosensors do not have analytical validation for CHD 

populations, due to smaller patient numbers, heterogeneity of disease states, and lack of 

correlation of wearable continuous physiologic data metrics to current-standard metrics in 

children, though these are all problems that can be addressed in future studies.

THE SLOWLY DETERIORATING PATIENT.

A more challenging scenario for wearable biosensors in CHD is in patients with slowly 

progressive declines. As immediate outcomes after surgical repairs for CHD continue 
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to improve, there is now a shift in focus toward identifying long-term sequelae in this 

cohort,35 especially for children with single ventricle CHD. Such patients often begin their 

journey with either a systemic RV or a left ventricle and eventually get palliated to a 

Fontan, after which they continue to be in a state of chronic venous hypertension and low 

cardiac output.35,36 The effects of being in such a chronically decompensated state starts to 

become obvious with age, as demonstrated by the development of chronic liver and kidney 

disease, abnormal lymphatic flow leading to protein-losing enteropathy or plastic bronchitis, 

significant growth or pubertal failure, exercise/functional limitation, frailty and neurologic 

impairment from their multiple bypass runs, and ischemic/embolic strokes.35,36 Because 

of the indolent course and decades-long timeframe for decline, it is difficult to identify 

those with failing Fontan physiology who may benefit from advanced heart failure therapies. 

There is broad practice variation in referral for advanced heart failure therapies37 and the 

patients are often referred too late,38 which suggests an opportunity for wearable biosensors 

to gather more salient continuous physiologic data to assess functional status (eg, step or 

activity counters), physiologic changes (eg, reduced heart rate variability, which has been 

shown to correlate to both systolic and diastolic function in the general adult population)39; 

degree of heart failure (eg, using seismocardiography, which can differentiate compensated 

vs decompensated heart failure40); and prediction of heart failure hospitalizations (eg, by 

performing a LINK-HF-like study in Fontans) (Figure 3).

Beyond readmission, continuous physiologic data may allow us to differentiate the sub-

phenotypes of Fontan failure (reduced or preserved ejection fraction, abnormal lymphatics, 

and normal heart41) and be able to follow their physiology over time to identify each 

individual patient’s arc. Non-invasive estimation of pulmonary arterial pressures may 

help identify diastolic dysfunction and pulmonary maladaptation to exercise/activity that 

is difficult to identify on routine echocardiographic monitoring or at rest. For patients 

with abnormal lymphatics, with either plastic bronchitis or protein-losing enteropathy, 

a biosensor that can monitor respiratory rate, quantify lung congestion, and thoracic 

and abdominal impedance may allow identification of worsening thoraco-abdominal fluid 

collection prior to overt observance of casts (in plastic bronchitis) or diarrhea/growth failure 

(in protein-losing enteropathy). The challenge in this slow burn scenario is that the time 

from complication onset to eventual “hard outcomes,” ie, death or transplant, may take 

years. Studying higher risk cohorts, such as those with systemic RVs, at least 10 years post 

Fontan may seem attractive as this cohort is probably closer to a hard outcome but may 

be too late to catch the early signs of Fontan failure. At the same time, early institution 

of wearables and collection of multi-point parameters may give us information overload 

with little actionable data. As a community, we must determine who should we target (age, 

systemic ventricular morphology, duration since Fontan), which wearable biosensor to use 

(ideally that give a comprehensive non-invasive assessment of multiple organs), and what 

end points we should measure to improve outcomes.
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CHALLENGES IN THE DEVELOPMENT OF WEARABLE BIOSENSORS FOR 

CHD

There are key challenges in the development of wearable biosensors for CHD. There 

is broad anatomic and physiologic heterogeneity in CHD, requiring biosensor analytical 

validation and accuracy across a broad range of values. For instance, healthy athletic teens 

may have heart rates near 40 beats/min, while infants with supraventricular tachycardia 

can have heart rates above 220 beats/min. In patients with complete mixing lesions like 

single ventricle heart disease, TOF with pulmonary atresia, truncus arteriosus, etc, oxygen 

saturations in the 75% to 85% range are expected and desired, but others can have 

chronically low saturations in the 60% range. Respiratory rates of children in distress can 

reach 40 breaths/min or more. These represent a far broader range of standard vital sign 

values than are needed for most adults, posing a challenge for device analytical validation.

Related to this underlying physiologic heterogeneity is a lack of “normal” values for specific 

populations. Even in healthy children the normal vital sign values change significantly 

over time due to somatic growth and age42; in patients with CHD, these values likely 

change even more due to surgical and transcatheter interventions and disease progressions/

exacerbations, and what is normal for a patient with TOF is unlikely to be the normal for 

a patient with Fontan circulation. Even for something as simple as step count, the “normal” 

values are unclear, as they may vary by season16 and disease severity.43 And for emerging 

parameters like seismocardiography and ballistocardiography, or combined features from 

multiple modalities of wearable sensors, like pulse transit time and pulse arrival time, there 

are no clear studies of normal values in children or those with CHD. Defining population 

normal or patient baseline values are likely necessary to allow actionable interpretations of 

continuous physiologic data. Combined, the broad range of possible vital sign values, and 

lack of defined normal values, suggest that patient- and scenario-specific biosensor design 

and testing will be required.

DIGITAL BIOMARKERS FOR CONGENITAL HEART DISEASE

The phrase “digital biomarker” emerged from the intersection of the separate, but related, 

fields of biomarkers and digital health technologies,3 and was recently defined by a Food 

and Drug Administration working group as “a characteristic or set of characteristics, 

collected from digital health technologies, that is measured as an indicator of normal 

biological processes, pathogenic processes, or responses to an exposure or intervention, 

including therapeutic interventions.”3,44 During their life, patients with CHD already 

generate multiple types of data including physical exam, imaging, biochemical lab values, 

exercise stress, and patient reports of symptoms, and clinicians must make patient 

management decisions based on these varied kinds of data. Wearable biosensors will provide 

the opportunity to incorporate continuous physiologic data as well.

Fundamentally, a clinician might use a digital (or other type of) biomarker to drive clinical 

decision-making if it has been validated and shows improved prognostic capability, ability to 

integrate multiple types of or time-series data, or otherwise somehow surpass “traditional” 

metrics. At this time, few if any digital biomarkers are used to drive clinical decision-making 
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in CHD because, given the hardware limitations described above, data to perform clinical 

validation12 was not available. However, this work is beginning in other fields, such as 

using wrist-worn wearable accelerometry data to detect treatment-related changes in resting 

tremor and bradykinesia,45 using wearable-derived mobility metrics as digital endpoints in 

clinical trials for heart failure,46 showing that continuous physiologic data from wearables 

relate to B-type natriuretic peptide and other biochemical biomarkers in ischemic heart 

disease,47 and using wearable-based atrial fibrillation detection for “pill-in-pocket” targeted 

anticoagulation,48,49 extending prior work from implantable sensors.50

It is likely that artificial intelligence and machine learning (AI/ML) techniques will facilitate 

the development of digital biomarkers, as in adult use cases. AI/ML are being used to 

reduce noise and artifacts in continuous physiologic data,51 and can be used to determine 

which features/metrics are important in predicting outcomes. For instance, one study 

described 29 metrics of heart rate variability52—which one should be analyzed? In terms 

of clinical utility, AI/ML has been used to combine multiple continuous physiologic data 

streams to define a “normal state” for a given patient, and then generate alerts based 

on deviations from that physiologic normal: to predict heart failure readmission in adults 

(LINK-HF)22; to predict mortality in the pediatric intensive care unit53; and to predict 

in-hospital cardiorespiratory events for interstage single ventricle patients.26

One key limitation for implementation of digital biomarkers in CHD is that the event 

rate is often considerably lower than, for instance, the readmission rate in adult heart 

failure, especially over short time frames. The low pretest probability must be considered 

when creating cutoff for alerts, which is especially important when considering use in 

the outpatient setting, where, by definition, patients should be lower risk. One instructive 

example is that of sudden infant death syndrome, which has been the target for many 

baby monitors.54 In the CHIME (Collaborative Home Infant Monitoring Evaluation) studies, 

cardiorespiratory monitoring was used to detect risk for sudden infant death syndrome 

and showed that apnea and bradycardia that met alarm thresholds were quite common, 

even in healthy term infants.55 These studies were part of the basis for the American 

Academy of Pediatrics to recommend against the use of home monitoring for sudden infant 

death syndrome.56 Obviously, those with CHD are at higher risk of adverse clinical events 

than healthy infants, so the tradeoff between false positives and false negatives must be 

considered: in interstage patients, for instance, a false positive may lead to an unnecessary 

hospital admission, vs a false negative leading to death at home. Other practical issues with 

too much or too little data, data overfitting, modeling noise, and algorithm selectivity for the 

intended purpose of the sensor measurement also impede translation to clinical practice.

These instructive examples show that using physiologic data with AI/ML analyses can 

generate clinically meaningful alerts for patients in high-risk timeframes overall, and as 

continuous physiologic data from patients with CHD become more common, we expect 

that similar analyses could be run in selected high-risk populations in the outpatient setting. 

Given the relative rarity of CHD, achieving this goal will likely require multicenter studies 

with high-quality biosensors.
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LEGAL AND ETHICAL IMPLICATIONS

The use of wearable biosensors, especially in the outpatient setting, raises several legal and 

ethical concerns, many of which are outside the scope of this review. For instance, the use 

of smartwatches to detect atrial fibrillation in adults may pose ethical concerns in that the 

lack of evidence and high false-positive rate can lead to harm, though improvements in the 

algorithms may mitigate these concerns in the future.57 There have already been lawsuits 

related to type I and II errors in detection of atrial fibrillation with wearable biosensors. As 

noted already, devices being designed only for adults continue to leave children and other 

vulnerable populations out.58 Privacy and data ownership concerns only become magnified 

more when dealing with children, as do the ethical implications of AI/ML biases.59

CONCLUSIONS

Wearable biosensors present an excellent mechanism to obtain continuous physiologic data 

and continue the transition of care from in-hospital to at-home for patients with CHD. 

However, the development of wearable biosensors for patients with CHD faces significant 

technical and theoretical challenges. However, the potential gains for patients with CHD 

from these technologies is immense, and thus teams of physicians, engineers, and data 

scientists should continue to pursue developing meaningful digital biomarkers in real-world 

settings. It is an exciting time to dream of how wearable biosensors will enable us to provide 

better care for patients with CHD.
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ABBREVIATIONS AND ACRONYMS

AI/ML artificial intelligence/machine learning

CHD congenital heart disease

ECG electrocardiographic

PVR pulmonary valve replacement

RV right ventricle

TOF tetralogy of Fallot
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HIGHLIGHTS

• Wearable biosensors provide an opportunity to improve patient care in 

congenital heart disease by enabling the collection of continuous physiologic 

data in a wide variety of environments.

• Artificial intelligence and machine learning will be the key to converting 

wearable biosensor data to actionable insights.

• Due to the wide heterogeneity in congenital heart disease physiology, special 

considerations should be taken in wearable biosensor design, testing, and 

implementation.
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FIGURE 1. Potential Uses for Wearable Biosensors in Interstage Home Monitoring
For patients with single ventricle heart disease who are in the interstage period, one 

potential use case for wearable biosensors is to use the continuous physiologic data from the 

wearables to detect pattern changes in vital signs as precursors to adverse clinical events. 

Given that oxygen saturation and heart rate are salient vitals in this population, analyzing 

those data may be a good starting point, but novel metrics may be useful in the future as 

well. Shown here are data from a hypothetical interstage patient using a wearable continuous 

pulse oximeter.
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FIGURE 2. Potential Uses for Wearable Biosensors Before and After Major Interventions
In some congenital heart disease populations, timing of major interventions, such as 

pulmonary valve replacement in repaired tetralogy of Fallot, remains unclear. Wearable 

biosensors may provide a method of assessing physiologic response to pulmonary valve 

replacement, by comparing to current standard metrics like CMR, or by development of 

novel digital biomarkers. CMR = cardiovascular magnetic resonance; PVR = pulmonary 

valve replacement.
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FIGURE 3. Potential Uses for Wearable Biosensors in the Slowly Deteriorating Patient
A fundamental challenge in using wearable biosensors to track patients with slow declines, 

like those with a Fontan circulation, is identifying the best time to use wearables to generate 

continuous physiologic data. Is it better to try to catch early, subtle declines, or capture 

continuous physiologic data closer to clinical adverse events, where the outcome is clearer, 

but interventions may be too late?
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CENTRAL ILLUSTRATION. Current and Future Use Cases for Wearable Biosensors in 
Congenital Heart Disease
This figure outlines different form factors of wearable biosensors that are being or may be 

used for patients with congenital heart disease across the age spectrum and the physiologic 

data that are currently collected by wearable biosensors. Given the broad anthropometric, 

developmental, and physiologic changes that patients with congenital heart disease undergo 

throughout their lives, different form factors are needed to collect applicable physiologic 

data.
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Table 1

Physiologic Measurements Collected by Wearable Biosensors and Their Potential Clinical Uses

Measurements Collected Potential Clinical Scenarios

Oxygen saturation • Interstage single ventricles: home monitoring
• Cyanotic heart disease: home monitoring

Heart rate/Heart rate variability • Interstage single ventricle: home monitoring
• Chronic CHD: before and after interventions or medication initiation
• Failing Fontans: tracking decline
• Patients with arrhythmias: burden and response to medications
• Heart failure: outcome prediction
• High-risk patients: monitoring and prescribing exercise

Blood pressure • Coarctation: hypertension monitoring, medication titration

Cardiac rhythm/ECG • Interstage single ventricle: event prediction and home monitoring
• Fontans: tracking arrhythmia burden
• Repaired tetralogy of Fallot: atrial and ventricular tachycardia monitoring
• Patients with arrhythmias: burden and response to medications
• Long QT: mediation titration

Step count • All populations: activity monitoring, including exercise for high-risk patients
• Cardiac rehabilitation: exercise prescription monitoring

Impedance/volumetry • Interstage single ventricle: cardiac output monitoring, volume status
• Fontans: cardiac output monitoring
• Pulmonary overcirculation: volume status

Biochemical sensors • Interstage single ventricle: sweat lactate monitoring
• Failing Fontan: sweat lactate monitoring
• Patients with arrhythmias: electrolyte balance

CHD = congenital heart disease; ECG = electrocardiogram.
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