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ABSTRACT 

Background: Circadian rhythm is a central regulator of human physiology, governing metabolic, endocrine, and 
neurobehavioral processes. Disruption of circadian alignment has been associated with obesity, insulin resistance, 
dyslipidemia, depression, and anxiety. Maintaining circadian health is therefore essential for both metabolic and mental well-
being. In parallel, the rapid expansion of wearable technologies and digital health applications has enabled continuous, non-
invasive monitoring of sleep–wake cycles and physiological parameters. When combined with artificial intelligence (AI), 
these tools offer new opportunities to assess and optimize circadian health in real-world settings. 
Objective: This review aims to summarize recent evidence on the use of wearable devices and AI-driven applications in 
monitoring circadian rhythm, with particular focus on their implications for metabolic and mental health. 
Methods: A literature review was conducted, focusing on publications between 2020 and 2025. Databases including 
PubMed, Scopus, and Web of Science were searched using keywords such as “circadian rhythm,” “wearables,” “digital 
health,” “artificial intelligence,” “metabolic disorders,” and “mental health.” Studies evaluating digital biomarkers, 
predictive algorithms, and clinical or public health applications of wearable-based monitoring were included. 
Results: Current evidence indicates that wearables reliably measure sleep duration, activity levels, heart rate variability, and 
proxies of circadian alignment. AI-driven analytics enhance the precision of these measurements, enabling early detection 
of circadian misalignment and prediction of health outcomes such as metabolic syndrome or depressive episodes. 
Applications include continuous monitoring in high-risk populations, integration with telemedicine platforms, and 
development of personalized lifestyle interventions. However, challenges persist, including limited validation against gold-
standard clinical tools, data privacy concerns, lack of standardized protocols, and unequal access to digital health 
technologies. 
Conclusion: Wearable devices combined with AI-based analytics represent a promising approach to promoting circadian 
health and preventing related disorders. Future research should prioritize rigorous clinical validation, ethical frameworks for 
data management, and integration into healthcare systems to maximize their potential impact on both individual and 
population health. 
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1. Introduction 

The circadian rhythm, a fundamental biological process regulating the sleep-wake cycle, metabolism, 

and various other physiological functions, is critical for maintaining both metabolic and mental health. 

Disruption of this rhythm has been linked to numerous adverse health outcomes, including obesity, type 2 

diabetes, cardiovascular diseases, and mental health disorders such as depression and anxiety [1]. Recent 

advancements in chronobiology have underscored the importance of a well-regulated circadian system in 

maintaining homeostasis and preventing the onset of chronic diseases[2] . 

The growing prevalence of circadian rhythm disorders has been further exacerbated by modern lifestyle 

factors, such as irregular sleep schedules, excessive screen time, and shift work. These disturbances are 

associated with impaired glucose metabolism, increased fat storage, and alterations in mood regulation, which 

contribute to the rising burden of metabolic and mental health disorders globally [3]. In this context, monitoring 

and managing circadian rhythms has become a priority in both clinical and preventive health care. 

The advent of wearable technologies and health applications offers new opportunities for real-time 

monitoring of circadian rhythms, providing invaluable insights into sleep patterns, physical activity, and 

behavioral factors that influence health outcomes [4]. Devices such as fitness trackers, smartwatches, and 

biosensors enable continuous, non-invasive tracking of vital signs, including heart rate, skin temperature, and 

sleep quality. This real-time data, when processed through machine learning algorithms, can reveal 

individualized patterns and risks, providing a basis for personalized health interventions [5]. 

Artificial intelligence (AI) and big data analytics have further revolutionized the analysis of circadian 

rhythms by enabling the processing of vast amounts of data to identify subtle, often undetected, patterns in 

sleep and activity behavior. AI models, particularly deep learning techniques, can be employed to predict 

disruptions in circadian rhythms and their potential health consequences, thereby offering a more proactive 

approach to managing chronic conditions linked to circadian misalignment [6]. The integration of wearable 

technology with AI holds the promise of not only enhancing the accuracy of circadian rhythm monitoring but 

also providing actionable insights that can help optimize health outcomes. 

This paper aims to review the current state of digital technologies, particularly wearables and AI, in the 

monitoring of circadian rhythms, exploring their potential to improve both metabolic and mental health. By 

synthesizing recent evidence from clinical and experimental studies, we aim to highlight the opportunities and 

challenges in using these technologies for individualized health management. 

 

2. Circadian Rhythm and Health  

The biological mechanisms underpinning the circadian rhythm are complex and involve several key 

players, including the suprachiasmatic nucleus (SCN), melatonin, and circadian clock genes. The SCN, located 

in the hypothalamus, acts as the central regulator of the circadian rhythm, coordinating various physiological 

processes with the day-night cycle. Melatonin, a hormone secreted by the pineal gland, plays a crucial role in 

signaling sleep and wakefulness, while circadian clock genes (such as CLOCK, BMAL1, PER, and CRY) help 

regulate the timing of various biological functions at the molecular level [7]. 

Disruptions to the circadian rhythm are associated with numerous metabolic disturbances. Research has 

shown a direct link between circadian misalignment and impaired glucose metabolism, contributing to insulin 

resistance and an increased risk of type 2 diabetes [8]. Similarly, lipid metabolism is closely tied to the 

circadian system, with fluctuations in lipid levels occurring in alignment with the sleep-wake cycle. Alterations 

in this rhythm can lead to dyslipidemia, a condition associated with cardiovascular disease and metabolic 

syndrome [9]. 
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The circadian rhythm also plays a critical role in the regulation of appetite. Studies suggest that 

misalignment of the circadian clock, particularly through irregular sleep patterns or shift work, can disrupt 

appetite-regulating hormones such as leptin and ghrelin, leading to overeating and weight gain [10]. These 

disruptions not only affect metabolic health but are also implicated in mental health disorders. Circadian 

disturbances have been shown to exacerbate stress, depression, and anxiety, with alterations in sleep patterns 

significantly contributing to the onset and severity of these conditions [11]. 

Additionally, the immune system is modulated by the circadian rhythm, influencing both inflammatory 

processes and immune responses. Circadian misalignment has been linked to altered immune function, 

increased inflammatory markers, and a higher susceptibility to infections and autoimmune conditions [12]. 

Understanding the intricate relationship between circadian rhythms and these various health aspects is essential 

for developing targeted therapeutic strategies aimed at mitigating the adverse effects of circadian disruption. 

 

3. Technologies for Circadian Rhythm Monitoring 

Wearable technologies have become a cornerstone in monitoring circadian rhythms, providing real-time 

data collection on sleep, activity, and physiological metrics. Devices such as smartwatches, fitness bands, and 

rings like the Oura ring offer continuous tracking of key variables including heart rate, body temperature, and 

sleep stages. These wearables enable individuals to track their daily rhythms and receive personalized insights 

into their sleep quality and physical activity levels [4]. Recent studies have shown that such devices, when 

coupled with advanced algorithms, can detect irregularities in sleep patterns and predict potential circadian 

misalignment, offering early warning signs of related health issues such as metabolic syndrome or 

cardiovascular risk [13]. 

Smart devices and applications further enhance the capacity for circadian rhythm monitoring. Sleep 

tracking apps, for instance, provide detailed insights into sleep cycles, while activity tracking apps monitor 

physical movement and exercise patterns. Additionally, devices that measure heart rate variability (HRV) have 

become a key tool for assessing autonomic nervous system function, which is influenced by circadian rhythms. 

Machine learning (ML) and AI have made significant strides in this area, with algorithms capable of predicting 

sleep disorders and detecting early signs of depression or metabolic syndrome [14]. AI-powered systems can 

analyze large datasets from wearables, providing insights that are not immediately apparent through traditional 

means, such as identifying trends or making personalized health predictions[15]. 

One of the key advantages of using these technologies is their availability and ability to provide 

continuous, real-time monitoring, which is invaluable for both individuals and healthcare providers. 

Integration with telemedicine platforms allows for remote consultations, enabling healthcare professionals to 

monitor patients’ circadian health and intervene when necessary [16]. However, there are limitations to 

consider. The quality of data collected by wearables can vary significantly, with potential inaccuracies in sleep 

tracking, heart rate measurements, or activity levels, which may affect the overall reliability of the data [17]. 

Furthermore, privacy concerns regarding the collection and sharing of sensitive health information remain a 

major issue. Finally, while wearables provide valuable insights, there is a need for further research to confirm 

their effectiveness in clinical settings and ensure they align with established medical guidelines[16][17] . 

 

Table 1. Comparison of Circadian Rhythm Monitoring Technologies 

 
Technology Main Features Advantages Limitations 

Smartwatches 
Sleep, activity, heart rate 

monitoring 

Continuous tracking, 

personalized insights 

Data accuracy, battery life, 

privacy concerns 

Fitness Bands 
Activity and sleep 

monitoring 

Affordable, easy to use, real-

time data 

Limited sleep tracking 

accuracy, data interpretation 

Oura Ring 
Sleep, activity, body 

temperature tracking 

Non-invasive, discreet, high 

accuracy 

Expensive, limited to sleep-

related data 

Sleep Tracking 

Apps 
Detailed sleep cycle analysis 

User-friendly, accessible, 

low cost 

Requires manual input, can be 

inaccurate 

HRV Monitors 
Heart rate variability 

analysis 

Insight into autonomic 

nervous system function 

Requires specific conditions for 

accuracy 

AI & ML Tools 
Predictive analysis, early 

detection of disorders 

Advanced data analysis, 

predictive capabilities 

Requires large datasets, privacy 

concerns 
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4. Clinical and Health Applications 

 

Metabolic Health: 

Wearables have shown considerable promise in the prevention of obesity, diabetes, and lipid disorders. 

By continuously monitoring physical activity, sleep patterns, and vital signs, devices such as smartwatches 

and fitness bands can help individuals manage their weight, track glucose levels, and maintain lipid balance. 

This continuous tracking allows for early intervention and lifestyle adjustments, potentially reducing the risk 

of developing chronic metabolic diseases [18]. AI-driven technologies further enhance these applications by 

analyzing sleep quality and its impact on glucose metabolism and lipid profiles. Through advanced machine 

learning algorithms, AI can provide individualized insights and predict potential metabolic disturbances, 

offering a more proactive approach to health management [19]. 

 

Mental Health 

Monitoring activity rhythms in patients with depression and anxiety has emerged as a key application 

for wearables. These devices track not only physical activity but also sleep, which plays a significant role in 

mental health. Disruptions in circadian rhythms are often observed in patients with mood disorders, making 

rhythm monitoring a potential tool for managing and understanding these conditions. Real-time data from 

wearables can alert healthcare providers to irregular patterns, enabling timely intervention [20]. Moreover, AI-

based predictive models are increasingly used to predict depressive episodes. By analyzing data collected from 

wearables, such as activity levels and sleep quality, AI can forecast mood changes, helping prevent or mitigate 

the severity of depressive episodes [21]. 

 

Public Health 

At the population level, data collected from wearables can provide valuable insights into public health 

trends. This data can be used to monitor widespread health issues, such as the prevalence of poor sleep, 

sedentary behavior, or rising rates of chronic conditions. Analyzing these trends can help shape new prevention 

strategies and intervention programs aimed at improving the overall health of populations. Smart devices, when 

integrated into telemedicine platforms, allow for real-time monitoring and data collection, facilitating a more 

personalized approach to healthcare on a large scale [22]. 

 

5. Challenges and Limitations 

The integration of wearables and AI in monitoring circadian rhythms offers immense potential for 

enhancing metabolic and mental health, but it also presents several challenges and limitations. These issues 

primarily concern the standardization of technologies, clinical guidelines, ethical considerations, and the 

potential risks of over-monitoring. In order to fully leverage these innovations, it is crucial to address these 

concerns systematically. 

 

5.1 Standardization of Technologies and Analytical Methods 

A major obstacle in the effective use of wearables for circadian rhythm monitoring is the lack of 

standardized technologies and analytical methods. The wearable devices available on the market vary 

significantly in terms of accuracy, design, and data collection methods. For example, different devices use a 

range of sensors to track parameters such as heart rate, skin temperature, activity levels, and sleep patterns, but 

discrepancies in sensor quality and calibration procedures can lead to inconsistent results. Moreover, the 

algorithms used for data interpretation differ widely, which complicates the comparison of data across studies 

and clinical settings. 

Researchers have pointed out that the lack of standardization in both the devices themselves and the 

methodologies for analyzing the data hinders the development of universally applicable guidelines for 

circadian health. This inconsistency not only impacts scientific research but also limits the clinical application 

of these technologies in diagnosing and managing conditions linked to circadian rhythm disruptions, such as 

sleep disorders, metabolic diseases, and mood disorders [23][24]. 
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5.2 Lack of Clear Clinical Guidelines 

The absence of clear and universally accepted clinical guidelines further complicates the adoption of 

wearables and AI for circadian rhythm monitoring. While there is growing interest in the potential of these 

technologies, there is no consensus on how to interpret the data in a clinical context or how to integrate the 

findings into treatment protocols. For instance, while wearables can provide real-time data on sleep patterns, 

it remains unclear how such data should inform clinical decisions, particularly when it comes to managing 

conditions like insomnia or seasonal affective disorder (SAD). 

Moreover, there is insufficient evidence to establish a clear link between circadian rhythm data from 

wearables and specific clinical outcomes, making it difficult for healthcare professionals to incorporate these 

tools into their practices with confidence. The development of clinical guidelines that define optimal practices 

for using these technologies, based on robust scientific evidence, is essential to ensure that circadian rhythm 

monitoring is both effective and reliable in clinical settings [25][26]. 

 

5.3 Ethical Considerations: Privacy, Data Security, and GDPR Compliance 

As with any technology that involves the collection of sensitive health data, the ethical considerations 

surrounding wearables and AI in circadian rhythm monitoring are paramount. These devices gather large 

amounts of personal health information, including sleep patterns, activity levels, and physiological signals, 

which are often stored in cloud-based systems or third-party servers. This raises concerns about data privacy 

and security, particularly in light of stringent regulations like the General Data Protection Regulation (GDPR) 

in Europe. 

Ensuring that data is anonymized and securely stored is critical to prevent unauthorized access and 

misuse. Furthermore, individuals must be informed about how their data will be used, and they must have the 

option to opt-out of data collection at any time. As the use of AI in healthcare continues to expand, it is essential 

that regulations surrounding data privacy evolve to keep pace with technological advancements. Failure to 

address these ethical concerns could undermine public trust in these technologies and hinder their widespread 

adoption [27][28]. 

 

5.4 Risk of Over-monitoring and Negative Psychological Effects 

While wearables offer the potential for continuous, real-time monitoring of circadian rhythms, there is 

a growing concern about the risk of over-monitoring and its potential negative psychological effects. Some 

individuals may become overly fixated on tracking their health metrics, which can lead to anxiety, stress, and 

obsessive behaviors. This is particularly problematic for individuals who already suffer from mental health 

conditions such as anxiety or obsessive-compulsive disorder (OCD). 

Studies have shown that constant monitoring of personal health data can induce a phenomenon known 

as "quantified self-anxiety," where individuals feel pressured to constantly optimize their health metrics, 

leading to heightened stress and dissatisfaction when their data does not align with expectations [29]. 

Therefore, while wearables offer promising benefits in terms of circadian health monitoring, it is crucial to 

strike a balance between the advantages of continuous data collection and the psychological well-being of 

users. 

 

6. Future Perspectives 

As wearable technologies continue to advance, their integration with artificial intelligence (AI) holds 

significant promise for revolutionizing circadian rhythm monitoring and its applications in metabolic and 

mental health. Several key developments are poised to shape the future of this field, particularly in terms of 

enhancing personalized healthcare, expanding preventive medicine, and integrating emerging technologies 

such as multi-omics data. 

 

6.1 Integration of Wearables with Telemedicine and e-Health  

One of the most exciting prospects for wearables in circadian rhythm monitoring is their integration 

with telemedicine and e-health systems. Telemedicine, which has gained widespread acceptance due to its 

convenience and ability to bridge gaps in healthcare access, can be significantly enhanced by the real-time data 

provided by wearable devices. For example, healthcare providers could remotely monitor a patient's circadian 

rhythms, adjusting treatment plans or recommending lifestyle changes based on continuous, real-time data. 

This would facilitate a more proactive approach to managing conditions such as insomnia, sleep disorders, and 

mood disturbances linked to circadian misalignment. 
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Furthermore, wearable devices can seamlessly integrate with e-health platforms that manage patient 

data, enabling a more holistic approach to healthcare. By combining circadian rhythm data with other health 

metrics, such as heart rate, blood pressure, and physical activity, these platforms could offer a comprehensive 

overview of an individual's health, making it easier for clinicians to identify potential issues early and provide 

tailored interventions. This integration would also allow for better coordination among healthcare providers, 

improving overall patient outcomes [30][31]. 

 

6.2 AI Development → Personalized Interventions 

The development of AI algorithms has the potential to take personalized healthcare to new heights. In 

the context of circadian rhythm monitoring, AI can be used to analyze vast amounts of data collected by 

wearables and identify patterns that would be difficult for humans to discern. These AI-driven insights can 

then be used to create highly personalized interventions aimed at optimizing an individual's circadian health. 

For example, AI could recommend personalized melatonin supplementation regimens based on the timing and 

quality of a person's sleep, or it could suggest optimal times for physical activity to help synchronize the 

individual's circadian rhythm. 

Moreover, AI can be employed to predict and prevent potential circadian-related health issues before 

they become critical. By analyzing a person's daily habits, sleep patterns, and activity levels over time, AI 

could forecast the likelihood of developing conditions such as insomnia, seasonal affective disorder (SAD), or 

metabolic disorders like diabetes, allowing for early intervention. This shift toward personalized, data-driven 

healthcare represents a transformative step in the management of circadian health [32][33]. 

 

6.3 Opportunities for Preventive Medicine and Public Health 

Another significant future application of wearables and AI in circadian rhythm monitoring is in the field 

of preventive medicine and public health. As wearables become more accessible and affordable, they have the 

potential to serve as powerful tools for the early detection and prevention of a wide range of health issues, 

from sleep disturbances to chronic metabolic conditions. For example, wearable devices could be used to track 

circadian rhythm patterns in large populations, enabling public health authorities to identify trends and 

implement targeted interventions to improve sleep hygiene, reduce the incidence of chronic diseases, and 

address mental health challenges at the population level. 

Furthermore, wearables could play a key role in monitoring and promoting healthy behaviors on a 

broader scale, supporting public health initiatives aimed at improving overall wellness. By providing 

individuals with real-time feedback on their circadian health, wearables could encourage healthier lifestyle 

choices and help people make adjustments that optimize their long-term well-being. The potential for 

wearables to support large-scale health interventions positions them as valuable tools in the fight against 

preventable diseases and for the promotion of overall public health [34][35]. 

 

6.4 Multi-Omics + Wearables  

The convergence of multi-omics data with wearable technology holds enormous potential for advancing 

circadian rhythm research and personalized healthcare. Multi-omics refers to the integration of data from 

various biological layers, including genomics, transcriptomics, proteomics, metabolomics, and microbiomics. 

By combining these rich datasets with the continuous monitoring capabilities of wearables, researchers and 

clinicians could gain deeper insights into how circadian rhythms interact with genetic and environmental 

factors to influence health outcomes. 

For instance, genomic data could help explain why some individuals are more prone to circadian 

disruptions than others, while microbiome data could reveal how gut health influences sleep patterns and 

circadian synchronization. Metabolomic data could provide insights into how disruptions in circadian rhythms 

affect metabolism at the molecular level. By integrating these multi-omics data with real-time wearables, it 

would be possible to develop highly personalized strategies for managing and optimizing circadian health. 

This holistic approach would allow for more targeted interventions, potentially leading to breakthroughs in the 

treatment of circadian-related conditions, such as metabolic syndrome, obesity, and mental health disorders 

[36][37]. 
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7. Conclusions 

Wearables and AI technologies have immense potential in the field of circadian rhythm monitoring, 

offering valuable insights that can enhance both preventive and personalized healthcare. By enabling 

continuous, real-time tracking of key physiological parameters related to circadian rhythms, these devices can 

assist in the early detection of disruptions linked to sleep disorders, metabolic issues, and mental health 

conditions. The integration of AI-driven analytics with wearable data allows for the development of tailored 

interventions that can help optimize sleep, activity, and overall health, thus supporting the prevention of 

chronic diseases like obesity, diabetes, insomnia, and mood disorders. 

However, to fully realize the benefits of these technologies, further clinical research is essential to 

validate their effectiveness across diverse populations and clinical settings. In addition, the development of 

standardized methodologies and regulatory frameworks is crucial to ensure that these devices are used safely 

and ethically, particularly concerning data privacy and security. Only through continued research, clinical 

trials, and the establishment of clear regulatory guidelines will wearable technologies and AI reach their full 

potential in circadian health management. 

In conclusion, while wearables and AI present transformative opportunities for improving health 

outcomes, their successful implementation will depend on ongoing scientific validation and the creation of 

robust frameworks for clinical and ethical integration. 
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