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Wearable sensors and digital biomarkers have had a profound impact on
cardiovascular physiology and modern medicine. Wearable devices
monitor cardiovascular function remotely, continuously tracking
physiological parameters outside the traditional clinical environment.
Smartwatches, fitness bands, ECG patches and smart rings are amongst
the wearable devices that, through various technologies like
photoplethysmography, ECG, accelerometry and bioimpedance analysis,
monitor parameters like heart rate, heart rate variability, blood pressure,
saturation and activity levels, generating digital biomarkers that indicate
the overall cardiovascular health, activity of the autonomic nervous
system and the state of disease. Wearable devices are used today for
arrhythmia detection, monitoring of heart failure and management of
hypertension, and in the context of exercise physiology, as well as for
telemedicine. The combination with artificial intelligence has already
enabled significant advances in predictive algorithms and the
personalizing cardiovascular care. Challenges like the sensor accuracy
and artifact issue, as well as the concerns related to data privacy and
regulation, remain major hurdles for the application of wearable devices.
The evolution towards flexible electronic skin sensors, implantable
biosensors and Al driven cardiovascular monitoring systems is expected

to pave the way for precision medicine and telecardiology of the future.

This narrative review explores the physiological basis, the technological
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innovation, the clinical applications, the current limitations and future

prospects of digital biomarkers and wearable sensors in cardiovascular

physiology.

Introduction

Cardiovascular diseases are the most common causes of mortality in the world and constitute a heavy
burden for healthcare services. Most cardiovascular assessment methods, such as ECG, ambulatory blood
pressure monitoring or echocardiography, assess patients only within a medical center setting and are
sometimes unable to detect a transient physiological aberration occurring during daily life activities. Over
the recent years, the evolution of wearable technology and digital health revolutionizes cardiovascular

assessment using real-time, non-invasive, continuous measurement of physiological data.!

Wearable devices such as smartwatches, smart rings, fitness bracelets or adhesive biosensor patches are
being more frequently incorporated into health care systems. They continuously collect physiological
data using embedded sensors that can track heart rate, oxygen saturation, sleep quality, blood pressure,
exercise habits and even electrocardiographic signals. The data collected can then be processed into
digital biomarkers. Digital biomarkers are objective, measurable physiological and behavioral indicators

obtained through digital devices, to quantify health status and track disease progress.>

Digital biomarkers are particularly valuable for cardiovascular physiology, since they enable continuous
evaluation of the dynamic physiological variations occurring within a living subject's environment,
providing insights on autonomic function, arrhythmias, stress, adaptation to exercise or cardiovascular
risk. Furthermore, advances in artificial intelligence and machine learning algorithms enabled the

interpretation of big data coming from the sensors integrated into wearable devices.

The COVID-19 pandemic provided a further acceleration to wearable technologies and telemedicine

usage due to a growing need for remote patient monitoring.>

Today, wearable sensors are widely employed in the monitoring of chronic conditions, in cardiac
rehabilitation, exercise physiology, or in preventive cardiology. Nevertheless, limitations due to

accuracy, artifacts and data security remain important challenges to overcome.

This narrative review will address the uses of digital biomarkers and wearable sensors in cardiovascular
physiology; discuss their physiological basis, applications, technological advances, limitations and

perspectives.
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Physiological principles of wearable

Cardiovascular monitoring: Wearable sensors continuously measure several cardiovascular indices
related to cardiac function and autonomic nervous activity. Heart rate (HR) is a basic parameter
monitored by wearables and used to indicate cardiovascular performance and autonomic control.
Contemporary wearable sensors most commonly determine HR using PPG which is a noninvasive optical

method to detect variations in blood volume changes in the peripheral tissues.'?

The autonomic balance can be assessed by measuring HRV, which describes changes in the duration
between adjacent R-R intervals and which is indicative of a balance in the activity of sympathetic and
parasympathetic nervous system, as a lack of variability can lead to the stimulation of sympathetic nerves
and can contribute to disease and a poor prognosis. Wearable ECG sensors ( ECG patches, smartwatches)
are important to diagnose and monitor heart rhythm disturbances (e.g. Atrial fibrillation) in the long-term
monitoring when these can be missed by standard EKG measurements. The most common values
monitored additionally are the blood pressure measured using pulse transit time or bioimpedance
analysis, and the saturation of oxygen measured by pulse oximetry. The combination of physical activity
monitoring, sleep evaluation and cardiorespiratory monitoring provide a global overview of the person's

physiological state and fitness, both in healthy people and cardiovascular patients. '
Types of wearable sensors and technologies

Wearable cardiovascular devices can be broadly divided into consumer wearable products (smartwatches,
fitness bands, etc.) and medical wearable monitoring systems (ambulatory EC G monitors, adhesive
cardiac patches, etc.). These consumer devices have already gained extensive use in tracking not only HR
but also activity levels, sleep habits, and workout performance, and the newest ones are also equipped
with EKG measuring capabilities and oxygen saturation probes. Wearable medical devices provide more
specific medical diagnostic functionality, such as for the continuous long-term recording of EKG data to
diagnose and manage arrhythmias, or for blood pressure monitoring. Several sensing technologies used in
wearable cardiovascular devices are common, as the PPG sensors in smartwatches and fitness bands
measuring HR and O 2 saturation, ECG sensors measuring the electrical signals generated by the heart
muscle for detecting and diagnosing electrical abnormalities, accelerometers that monitor physical

activity level, and gyroscopes that track body posture and movement.?

Furthermore, there are also bioimpedance sensors that estimate body fluid distribution, pulse transit time,

and recently, new wearable sensors that work like artificial skin and can track continuous parameters in a
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comfortable way. Wireless communication networks and devices (e.g. Smartphones, Bluetooth
technology) integrated with cloud data storage and algorithms have provided us the real-time monitoring
and analysis of collected physiological data. Moreover, some Al technologies can help detect

abnormality patterns in the recorded data and send warnings to the patient.*
Clinical Applications in Cardiovascular Physiology

Wearable devices have been successfully implemented for several cardiovascular diseases. One of the
most significant applications is for the detection of cardiac arrhythmias, particularly atrial fibrillation.
With smartwatches that have ECG capabilities and continuous rhythm monitoring patches, it's possible to
detect arrhythmias early for diagnosis and treatment. Another critical application is for heart failure
management. Heart rate, respiration, physical activity and thoracic impedance can be constantly

monitored for any signs of cardiac decompensation to avoid hospital admission. !4

Hypertension management has been a beneficial area for wearable technology. Continuous and
intermittent BP monitoring using wearable sensors may result in better control of the condition and also
allow for remote monitoring of hypertensive patients. Sports and exercise physiology has been a vital
area for wearable sensors to continuously monitor exercise intensity, recovery patterns, heart rate
variability and energy expenditure. Athletes and coaches benefit significantly from data collected through

wearable technology for maximal athletic performance and prevention of overtraining. !

Monitoring cardiovascular responses to exercise helps to understand physiological adaptation and
autonomic control. Telemedicine and preventive cardiology will be an important growing area where
remote patient monitoring can help to reduce the need of patients with chronic cardiovascular diseases
visiting hospitals. Wearable technology could also be used for cardiac rehabilitation for monitoring

exercise tolerance and cardiovascular response.

Digital biomarkers from wearable devices are also helpful for prediction of future diseases. Alterations in
sleep pattern, heart rate variability, and physical activity levels could predict future adverse events even

before development of any symptoms.
Artificial Intelligence and Digital Biomarkers

Artificial intelligence is becoming an integral part of wearable cardiovascular technology. Wearable
devices generate massive amounts of physiological data which requires intelligent and computational

methods for analysis. Artificial intelligence can interpret these complex physiological patterns which are
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otherwise difficult to be identified using traditional methods. These AI algorithms can predict
cardiovascular risk and imminent disease events. Certain arrhythmias, such as arrhythmias detected from
EC G, can be identified with a good accuracy by Al based algorithms which could also be utilized to
predict cardiovascular events. For example Al can predict those with potential for heart failure or
hypertension or even sudden cardiac arrest with good accuracy based on physiological parameters

obtained through wearable devices."”

Al interpreted digital biomarkers would revolutionize personal medicine, patient-specific risk
stratification, personalized treatment options. Cloud computing with remote data storage can also
enhance telemedicine, public health cardiovascular monitoring. Al in medicine has potential problems
such as algorithm bias, privacy issues and data security, as well as clinical reliability of these tools.
Clinical trials have to be performed for large-scale use of such algorithms in clinical practice, and

regulation needs to supervise all these technologies before clinical integration. '
Challenges and Limitations

There are several limitations associated with wearable cardiovascular technology. Artifacts and noise are
critical sources of errors, especially when a person exercises. A standard medical-grade wearable device
is usually less accurate than its counterpart. The huge volume of physiological data being produced by

sensors must be stored and managed properly, with due concerns on the data security and patient privacy.
7

Regulatory issues are difficult to handle with various sensors from different manufactures and the
variation in the quality of the sensors used. Poor access to older people and people from less wealthy
sections of society needs to be investigated. Medical professionals need to establish a clear role of

wearable sensors in clinical practice.®
Future Directions

Future developments of wearable cardiovascular technology are anticipated to contribute significantly to
the improvement of personalized medicine and precise diagnosis and treatment of cardiovascular disease.
Innovations such as soft flexible electronic skin sensors, implantable bio-sensors, smart textile-wearable
sensors, and nanotechnology-based monitoring systems have the potential to achieve more accurate and
long-term continuous measurement of cardiovascular physiology. Innovations for cuffless continuous
blood pressure monitors and noninvasive biochemical sensors are also anticipated to enhance the

diagnostic scope of wearable devices.*
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Artificial intelligence and machine learning approaches may be applied increasingly in predictive
cardiovascular analysis; for example Al-driven algorithms might be useful to screen for arrhythmias,
heart failure decompensation, autonomic nervous system abnormality, and sudden cardiac death prior to
onset of symptoms. The integration of wearable sensors and devices with cloud computing, smart mobile
applications and telehealth systems, and personal portable devices could enhance remote healthcare

systems especially for rural and underserved areas.'®

More studies should focus on optimizing sensor precision, mitigating motion-induced errors, extending
battery life, enhancing system security, developing robust diagnostic algorithms through rigorous clinical
validation with large-scale human studies and establishing a standardized regulatory framework.
Increased accessibility and affordability may be important to extend the application of wearable devices

in preventive cardiology and population based screening programs.’
Conclusion

In conclusion, digital biomarkers and wearable sensors have ushered in a new era of cardiovascular
physiology and modern medicine. The real-time, on-going measurement of numerous cardiovascular
physiological signals (heart rate, heart rate variability, electrocardiography activity, blood pressure,
oxygen saturation, etc.) adds a critical new element to cardiovascular physiology and the study of

autonomic control. !

Several uses of wearable sensors have been validated and shown to have clinical utility including in
arrhythmia management and detection, heart failure management, blood pressure monitoring and
hypertension control, sports physiology, and telemedicine. Al and digital health systems offer significant
clinical improvement in utility for cardiovascular monitoring and wearables for prediction and

personalization.®

Nevertheless, significant issues such as accuracy, motion artifacts, security, and limited validation are
hindrances to more wide-spread adoption. Wearable cardiovascular monitoring is only expected to grow

with applications in preventative medicine, telemedicine, and precision health.’
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