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Abstract 

Endodontic flare-ups remain one of the most challenging postoperative complications following 

root canal treatment, often resulting in severe pain, swelling, and unexpected emergency visits. 

Traditional prediction of flare-up risk primarily relies on clinical findings and patient history, 

which may not adequately capture dynamic physiological changes associated with stress and 

recovery. Recent advances in wearable health technologies provide an opportunity to continuously 

monitor physiological parameters such as heart rate variability, heart rate, stress levels, and sleep 

quality, offering valuable insights into autonomic nervous system activity and patient well-being. 

When integrated with artificial intelligence and predictive analytics, these real-time data streams 

may enable early identification of patients at increased risk of postoperative complications and 

facilitate personalized postoperative care. This review examines the physiological basis linking 

wearable-derived biomarkers with endodontic flare-ups, explores the potential application of 

machine learning models for risk prediction, and discusses the opportunities and challenges 

associated with incorporating wearable technologies into endodontic practice. Although current 

evidence remains limited, wearable physiological monitoring represents a promising adjunct to 

conventional clinical assessment and may contribute to more proactive, patient-centered 

management of postoperative endodontic outcomes. 

Keywords: Endodontic flare-ups; wearable technology; heart rate variability; stress monitoring; 

sleep quality; artificial intelligence; machine learning; predictive analytics; digital dentistry; 

postoperative pain. 

 

A. Introduction 

Endodontic flare-ups are acute exacerbations of pain and/or swelling that occur during or after root 

canal treatment, often requiring unscheduled clinical intervention. Although modern endodontic 

techniques have significantly improved treatment outcomes, flare-ups remain an important clinical 

concern because they negatively affect patient comfort, increase emergency visits, and may 

undermine confidence in dental care. The occurrence of flare-ups is multifactorial, involving 

microbial factors, host immune responses, procedural variables, and psychological influences. 

Conventional approaches to identifying patients at risk have largely depended on clinical 
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examination, radiographic findings, preoperative symptoms, and medical history. While these 

factors provide valuable information, they often fail to capture dynamic physiological changes that 

precede the onset of postoperative complications. 

Increasing evidence suggests that physiological responses mediated by the autonomic nervous 

system play a substantial role in pain perception, inflammation, and tissue healing. Parameters 

such as heart rate variability (HRV), resting heart rate, stress levels, and sleep quality have emerged 

as valuable indicators of systemic physiological status. Reduced HRV reflects autonomic 

imbalance and heightened sympathetic activity, whereas poor sleep quality and elevated stress 

have been associated with increased inflammatory responses and heightened pain sensitivity. 

These physiological changes may influence an individual's susceptibility to postoperative pain 

following endodontic procedures. Studies investigating oxidative stress biomarkers and 

inflammatory mediators have further demonstrated the close relationship between systemic 

physiological status and oral inflammatory diseases, supporting the concept that host responses 

extend beyond localized dental tissues (Isola et al., 2019; Marchetti et al., 2022). 

The rapid evolution of wearable health technologies has created new opportunities for continuous, 

non-invasive monitoring of physiological parameters relevant to postoperative recovery. Modern 

smartwatches, fitness bands, and wearable biosensors are capable of measuring HRV, heart rate, 

sleep duration, sleep quality, physical activity, and stress-related metrics in real time. Unlike 

conventional episodic clinical assessments, wearable devices generate longitudinal physiological 

data that may reveal subtle alterations occurring before patients develop clinically significant 

symptoms. Such continuous monitoring has already demonstrated considerable value in broader 

healthcare applications involving chronic disease management, cardiovascular monitoring, and 

personalized medicine. 

Parallel advances in artificial intelligence (AI) and machine learning have transformed data 

interpretation across healthcare disciplines, including dentistry. AI algorithms possess the 

capability to process large volumes of heterogeneous clinical and physiological data, identify 

complex nonlinear relationships, and generate individualized risk predictions that may exceed the 

performance of traditional statistical models. Within endodontics, AI has been increasingly 

investigated for applications such as diagnosis, treatment planning, root canal morphology 

identification, radiographic interpretation, and outcome prediction (Singh, 2022; Pereira et al.). 

These developments suggest that predictive analytics may also be extended to postoperative 

complication forecasting by integrating wearable physiological data with conventional clinical 

variables. 

The successful implementation of wearable-based predictive systems requires collaboration 

among dental clinicians, data scientists, biomedical engineers, and health informaticians. Effective 

integration of physiological monitoring into clinical workflows depends not only on technological 

advancements but also on appropriate health information management, interoperability, and 
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multidisciplinary collaboration to ensure accurate interpretation and safe clinical application 

(Holden et al., 2018). Such interdisciplinary approaches are becoming increasingly important as 

digital health technologies continue to expand within precision medicine and personalized dental 

care. 

Lessons learned from broader healthcare settings also highlight the importance of continuous 

patient monitoring and individualized postoperative management. Changes in patient 

characteristics, treatment protocols, and postoperative outcomes observed during recent healthcare 

challenges have emphasized the need for adaptive monitoring strategies capable of identifying 

patients at increased risk of complications (Feher et al., 2022). Similarly, advances in rapid salivary 

diagnostic technologies demonstrate how minimally invasive physiological assessment can 

complement traditional clinical evaluation by providing objective biological information relevant 

to disease activity and healing (Herr et al., 2007). Combining wearable physiological monitoring 

with emerging biomarker technologies may further enhance the accuracy of postoperative risk 

assessment in endodontics. 

Despite the considerable promise of wearable technologies, their application in predicting 

endodontic flare-ups remains an emerging area of investigation. Questions regarding data quality, 

patient adherence, algorithm validation, privacy, and clinical integration must be addressed before 

routine implementation becomes feasible. Nevertheless, the convergence of wearable sensing 

technologies, artificial intelligence, and digital dentistry offers a novel framework for proactive 

postoperative management, enabling clinicians to identify vulnerable patients earlier and tailor 

interventions according to individualized physiological responses. 

This review therefore examines the biological rationale underlying wearable physiological 

monitoring, explores the integration of artificial intelligence for predictive modeling of endodontic 

flare-ups, evaluates the current evidence supporting wearable-derived biomarkers, and discusses 

future opportunities and challenges associated with implementing these technologies in 

contemporary endodontic practice. 

 

B. Physiological Basis of Endodontic Flare-Ups and Wearable Biomarkers 

1. Pathophysiology of Endodontic Flare-Ups 

An endodontic flare-up is an acute exacerbation of pain and/or swelling that occurs during or after 

root canal treatment, requiring an unscheduled clinical visit. Although the precise mechanisms 

remain multifactorial, flare-ups generally result from a complex interaction between microbial 

factors, host immune responses, mechanical irritation, and chemical insults introduced during 

endodontic procedures. The severity of postoperative symptoms depends not only on the microbial 

burden within the root canal system but also on the patient's biological response to inflammation. 
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Microbial extrusion beyond the apical foramen during instrumentation remains one of the principal 

etiological factors. Extruded bacteria, necrotic tissue remnants, endotoxins, and irrigating solutions 

can provoke an acute inflammatory response within the periapical tissues. The recruitment of 

neutrophils, macrophages, and other inflammatory cells leads to the release of cytokines, 

prostaglandins, and neuropeptides that amplify vascular permeability and nociceptor activation, 

resulting in pain and edema. Patients with pre-existing symptomatic apical periodontitis or 

extensive periapical lesions often exhibit a heightened inflammatory response, thereby increasing 

their susceptibility to postoperative flare-ups. 

Host immune regulation significantly influences disease progression and symptom severity. 

Individual variations in inflammatory mediator production, oxidative stress, autonomic nervous 

system activity, and systemic health contribute to differences in postoperative recovery. 

Biomarkers associated with oxidative stress and inflammation have demonstrated strong 

relationships with oral inflammatory diseases, suggesting that similar biological pathways may 

influence endodontic pain responses (Isola et al., 2019). Likewise, chronic inflammatory 

conditions within the oral cavity illustrate how dysregulated host responses can enhance tissue 

destruction and pain perception (Marchetti et al., 2022). 

Pain associated with flare-ups is further influenced by peripheral and central sensitization. Tissue 

injury stimulates nociceptive fibers through inflammatory mediators such as prostaglandins, 

bradykinin, and substance P. Repeated stimulation lowers pain thresholds, resulting in exaggerated 

postoperative discomfort even after technically adequate treatment. Consequently, physiological 

factors extending beyond local infection may substantially contribute to clinical outcomes. 

2. Physiological Indicators Measurable by Wearable Devices 

Advances in wearable biosensor technology have enabled continuous monitoring of physiological 

parameters that reflect autonomic regulation, psychological stress, sleep behavior, and overall 

health status. Although wearable devices have not been routinely incorporated into endodontic 

practice, they offer an opportunity to objectively evaluate biological responses that may precede 

or accompany postoperative flare-ups. 

One of the most extensively studied physiological markers is heart rate variability (HRV), which 

represents fluctuations in the intervals between consecutive heartbeats. HRV serves as a non-

invasive indicator of autonomic nervous system balance. Reduced HRV is generally associated 

with increased sympathetic activation, elevated stress levels, impaired recovery, and heightened 

inflammatory activity. Since stress-related autonomic imbalance may amplify pain perception, 

HRV has emerged as a promising biomarker for predicting postoperative discomfort. 

Resting heart rate provides complementary information regarding cardiovascular and autonomic 

function. Elevated resting heart rate often reflects physiological stress, systemic inflammation, 
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anxiety, or inadequate recovery. Continuous monitoring before and after treatment may therefore 

identify patients experiencing excessive physiological stress responses. 

Sleep quality represents another important physiological parameter. Wearable accelerometers and 

photoplethysmographic sensors estimate sleep duration, sleep efficiency, nocturnal awakenings, 

and sleep stages. Poor sleep quality has consistently been associated with increased inflammatory 

activity, reduced immune regulation, and enhanced pain sensitivity. Consequently, patients with 

inadequate sleep before treatment may exhibit greater susceptibility to postoperative pain. 

Modern wearable devices also estimate stress levels using HRV-derived algorithms combined with 

heart rate and physical activity data. Although these stress indices are indirect estimates rather than 

direct biochemical measurements, they provide valuable information regarding psychological and 

physiological adaptation to stressful events. 

Physical activity monitoring provides additional insight into overall health and postoperative 

recovery. Reduced daily activity following treatment may indicate pain severity or delayed 

functional recovery. Continuous monitoring allows clinicians to observe recovery trends without 

requiring repeated clinical assessments. 

The integration of wearable physiological monitoring aligns with broader developments in digital 

healthcare and health informatics, where continuous patient-generated health data are increasingly 

used to support individualized clinical decision-making (Holden et al., 2018). 

 

3. Biological Relationship Between Physiological Stress and Endodontic Pain 

Psychological stress and physiological stress responses are closely linked through activation of the 

autonomic nervous system and hypothalamic-pituitary-adrenal (HPA) axis. Emotional stress 

increases sympathetic nervous system activity while suppressing parasympathetic regulation, 

resulting in reduced HRV, elevated heart rate, increased cortisol secretion, and altered immune 

function. 

Elevated cortisol concentrations influence cytokine production and inflammatory regulation, 

potentially modifying tissue responses following endodontic procedures. Chronic stress has also 

been associated with delayed wound healing and exaggerated pain perception. Consequently, 

physiological stress may increase the likelihood that minor postoperative inflammation progresses 

into clinically significant flare-ups. 

Sleep disturbances further contribute to this process. Insufficient or fragmented sleep alters 

cytokine production, increases systemic inflammatory mediators, and reduces pain tolerance.  
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Table 1. Wearable Physiological Parameters and Their Potential Relationship with 

Endodontic Flare-Ups 

Physiolo

gical 

Paramet

er 

Wearable 

Measureme

nt 

Technology 

Physiological 

Significance 

Potential Association with 

Endodontic Flare-Ups 

Clinical 

Relevance 

Heart rate 

variabilit

y (HRV) 

ECG or 

photoplethys

mography 

(PPG) 

sensors 

Reflects 

autonomic 

nervous 

system 

balance 

Reduced HRV indicates 

increased sympathetic 

activity, stress, and greater 

pain susceptibility 

Early 

identification of 

high-risk patients 

Resting 

heart rate 

Optical heart 

rate sensor 

Indicates 

cardiovascular 

and stress 

responses 

Elevated resting heart rate 

may reflect anxiety, 

inflammation, or impaired 

recovery 

Monitoring 

physiological 

stress before and 

after treatment 

Sleep 

duration 

Acceleromet

er and motion 

sensors 

Measures total 

sleep time 

Short sleep duration may 

increase inflammatory 

activity and postoperative 

pain 

Identifies patients 

requiring closer 

postoperative 

monitoring 

Sleep 

quality 

Multi-sensor 

wearable 

algorithms 

Assesses sleep 

efficiency and 

nocturnal 

disturbances 

Poor sleep quality is 

associated with impaired 

healing and increased pain 

perception 

Supports 

individualized 

postoperative care 

Stress 

index 

HRV-based 

proprietary 

algorithms 

Estimates 

physiological 

stress level 

Higher stress scores may 

predict exaggerated 

inflammatory and pain 

responses 

May assist in risk 

stratification 

Physical 

activity 

Acceleromet

er 

Reflects 

functional 

recovery and 

general health 

Reduced activity following 

treatment may indicate 

persistent pain or delayed 

recovery 

Enables remote 

postoperative 

follow-up 

Skin 

temperat

ure* 

Infrared or 

temperature 

sensors 

Reflects 

localized or 

systemic 

physiological 

changes 

Elevated temperature may 

accompany inflammatory 

responses 

Emerging 

biomarker 

requiring further 

validation 

Blood 

oxygen 

saturation 

(SpO₂)* 

Optical 

sensors 

Indicates 

systemic 

oxygenation 

Indirect indicator of overall 

physiological status rather 

than flare-up prediction 

Potential 

complementary 

physiological 

marker 
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Emerging parameters with limited direct evidence for predicting endodontic flare-ups. 

Collectively, current evidence suggests that endodontic flare-ups are influenced by dynamic 

interactions among microbial infection, host inflammatory responses, autonomic regulation, 

oxidative stress, and behavioral factors such as sleep and psychological stress. Wearable 

technologies offer a novel means of continuously capturing many of these physiological processes 

in real-world settings. Although direct evidence linking wearable-derived biomarkers to 

endodontic flare-up prediction remains limited, advances in digital dentistry, artificial intelligence, 

and health informatics indicate considerable potential for integrating physiological monitoring into 

personalized postoperative risk assessment (Singh, 2022; Pereira et al.; Holden et al., 2018). 

C. Artificial Intelligence and Predictive Analytics Using Wearable Data 

The rapid evolution of artificial intelligence (AI) has transformed healthcare by enabling the 

analysis of large, complex datasets that cannot be efficiently interpreted through conventional 

statistical methods. In endodontics, AI has primarily been investigated for diagnostic imaging, 

treatment planning, canal morphology identification, lesion detection, and outcome prediction. 

More recently, integrating physiological information collected from wearable devices has emerged 

as a promising strategy for predicting postoperative complications, including endodontic flare-ups. 

By combining continuously monitored physiological signals with patient-specific clinical 

variables, AI-driven predictive models have the potential to support personalized postoperative 

care and early intervention (Singh, 2022; Pereira et al.). 

Artificial Intelligence in Endodontics 

Artificial intelligence encompasses computational methods capable of learning from data, 

identifying hidden patterns, and generating predictions that improve with experience. Machine 

learning, a major subset of AI, employs algorithms trained on historical datasets to classify patients 

according to their risk of developing specific outcomes. Unlike traditional statistical models that 

often assume linear relationships between variables, machine learning algorithms can identify 

complex nonlinear interactions among multiple physiological and clinical factors (Singh, 2022). 

Within endodontics, AI applications have largely focused on radiographic interpretation and 

automated diagnostic support. Deep learning algorithms have demonstrated considerable potential 

in detecting periapical lesions, identifying root canal morphology, locating apical foramina, and 

assisting treatment planning using cone-beam computed tomography (CBCT) images. Systematic 

evidence suggests that AI can improve diagnostic consistency while reducing operator variability, 

thereby enhancing clinical decision-making (Pereira et al.). These same computational approaches 

may be extended to postoperative monitoring by incorporating wearable physiological data as 

additional predictive variables. 
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Unlike imaging-based AI systems that rely on static datasets, wearable technologies generate 

continuous streams of physiological information that reflect dynamic changes in autonomic 

nervous system activity, stress, and recovery. Such longitudinal data provide opportunities to 

detect subtle physiological alterations that may precede the onset of postoperative pain or 

inflammatory flare-ups before clinical symptoms become apparent. 

Data Acquisition from Wearable Technologies 

Modern wearable devices continuously collect physiological measurements using non-invasive 

sensors embedded within smartwatches, fitness bands, chest straps, or smartphone-connected 

devices. These technologies provide real-time monitoring without interrupting patients' normal 

daily activities, making them particularly suitable for postoperative surveillance following root 

canal treatment. 

Heart rate variability (HRV) remains one of the most informative wearable-derived biomarkers 

because it reflects sympathetic and parasympathetic nervous system balance. Reduced HRV has 

been associated with increased physiological stress, impaired recovery, and heightened 

inflammatory activity. Continuous heart rate monitoring complements HRV by identifying 

sustained elevations that may indicate pain, anxiety, or systemic inflammatory responses. 

Sleep quality metrics obtained through accelerometers and optical sensors offer additional insight 

into postoperative recovery. Disturbed sleep may amplify inflammatory pathways, reduce pain 

tolerance, and prolong tissue healing. Similarly, wearable-derived stress indices integrate multiple 

physiological variables to estimate autonomic activation during daily activities. 

Physical activity measurements obtained from accelerometers may also contribute to predictive 

models by identifying behavioral changes following treatment. Reduced daily activity may reflect 

worsening discomfort, while gradual normalization of activity levels may indicate satisfactory 

postoperative recovery. These diverse physiological datasets collectively provide a comprehensive 

representation of patient status beyond isolated clinical assessments. 

Future wearable platforms may also integrate biochemical monitoring through saliva-based 

biosensors capable of detecting inflammatory mediators and stress-related biomarkers. Advances 

in microfluidic immunoassays have demonstrated the feasibility of rapid salivary diagnostics, 

providing opportunities for combining physiological and biochemical monitoring into unified 

predictive systems (Herr et al., 2007). Although such technologies remained largely experimental, 

they represented an important direction for precision endodontic monitoring. 

Machine Learning Models for Flare-Up Prediction 

Machine learning algorithms provide the computational foundation for transforming wearable 

physiological data into clinically meaningful predictions. Various supervised learning techniques 
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have demonstrated potential for analyzing multidimensional healthcare datasets where numerous 

variables simultaneously influence clinical outcomes. 

Logistic regression remains one of the simplest predictive approaches and offers excellent 

interpretability. By estimating the probability of flare-up occurrence based on selected predictor 

variables, logistic regression provides clinicians with understandable risk estimates while 

maintaining relatively low computational requirements. 

Decision tree algorithms classify patients by repeatedly partitioning data according to clinically 

relevant thresholds. Their intuitive structure enables clinicians to understand how different 

physiological variables contribute to risk prediction. Random forest models improve upon 

individual decision trees by combining multiple trees into an ensemble model, reducing overfitting 

while improving predictive accuracy. 

Support vector machines (SVMs) are particularly effective when classifying complex nonlinear 

datasets containing numerous interacting physiological variables. Artificial neural networks 

further enhance predictive capability by modeling intricate relationships among wearable-derived 

features, patient characteristics, and treatment-related variables. Although neural networks often 

achieve superior predictive performance, their limited interpretability may reduce clinician 

confidence during decision-making (Singh, 2022). 

Deep learning represents an extension of neural network methodology capable of automatically 

extracting complex temporal patterns from continuously recorded physiological signals. Time-

series analysis of HRV, sleep architecture, stress fluctuations, and activity levels may enable 

identification of subtle physiological trends that precede symptomatic flare-ups. However, 

successful implementation of deep learning requires substantially larger datasets than were 

generally available in endodontic research. 

Data Preprocessing and Feature Engineering 

The predictive accuracy of AI models depends heavily upon data quality. Wearable devices 

frequently generate noisy or incomplete datasets due to sensor displacement, motion artifacts, 

battery limitations, or inconsistent patient adherence. Consequently, preprocessing represents a 

critical step before algorithm training. 

Noise reduction techniques eliminate physiologically implausible measurements while preserving 

meaningful signal variability. Missing data may be addressed through interpolation methods or 

statistical imputation depending on the duration and pattern of missing observations. Data 

normalization ensures that variables measured using different scales contribute appropriately 

during model training. 
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Feature engineering further improves predictive performance by transforming raw physiological 

signals into clinically meaningful variables. Rather than analyzing isolated heart rate values, 

models may incorporate resting heart rate, nighttime HRV averages, sleep efficiency, stress 

variability, recovery indices, circadian rhythm characteristics, and longitudinal trends over several 

postoperative days. These engineered features often demonstrate stronger predictive value than 

individual measurements alone. 

Time-series analysis constitutes another important aspect of wearable data interpretation because 

physiological responses evolve continuously following treatment. Algorithms capable of 

recognizing temporal changes rather than isolated measurements may identify patients whose 

physiological recovery deviates from expected postoperative trajectories. 

Integration with Electronic Dental Records 

Wearable physiological information alone is unlikely to provide sufficient predictive accuracy for 

clinical implementation. Integration with electronic dental records (EDRs) creates a more 

comprehensive patient profile by combining physiological monitoring with conventional 

diagnostic information. 

Clinical variables including patient age, sex, systemic health conditions, medication history, 

smoking status, pulpal diagnosis, periapical lesion characteristics, tooth type, retreatment status, 

instrumentation technique, irrigation protocols, and obturation quality contribute valuable 

contextual information during prediction. Radiographic findings obtained through periapical 

radiographs or CBCT imaging further enhance predictive models by characterizing anatomical 

complexity and disease severity (Pereira et al.). 

Interprofessional collaboration among dentists, data scientists, biomedical engineers, and health 

informaticians remains essential for successful implementation of AI-supported clinical systems. 

Health informaticians facilitate standardized data collection, interoperability between wearable 

platforms and electronic records, algorithm validation, and user-centered system design while 

ensuring clinical usability and patient safety (Holden et al., 2018). 

Clinical Workflow for AI-Assisted Prediction 

An AI-assisted prediction system begins with continuous acquisition of physiological data from 

wearable devices before and after endodontic treatment. These data are securely transferred to a 

digital platform where preprocessing algorithms remove artifacts and extract clinically relevant 

features. The processed physiological information is then integrated with electronic dental records 

containing demographic characteristics, medical history, clinical findings, radiographic 

information, and treatment details. Machine learning algorithms analyze these combined datasets 

to estimate individualized flare-up risk and generate decision-support recommendations for 

clinicians. 
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Table 2. Potential Inputs for an AI-Based Endodontic Flare-Up Prediction Model 

Data 

Category 

Variables Included Primary Source Clinical Relevance 

Demographic 

variables 

Age, sex, body mass index Patient records Influence inflammatory 

response and healing 

Medical 

history 

Diabetes, cardiovascular 

disease, medications, smoking 

status 

Medical history Modifies immune 

response and 

postoperative recovery 

Physiological 

wearable data 

Heart rate variability, resting 

heart rate, stress index, sleep 

duration, sleep quality, physical 

activity 

Smartwatch, 

fitness tracker, 

wearable sensors 

Continuous monitoring 

of autonomic function 

and recovery 

Clinical 

findings 

Pain score, percussion 

sensitivity, swelling, pulpal 

diagnosis, periapical diagnosis 

Clinical 

examination 

Baseline assessment of 

disease severity 

Radiographic 

findings 

Lesion size, canal morphology, 

periapical bone changes, CBCT 

measurements 

Digital 

radiography, 

CBCT 

Structural indicators of 

treatment complexity 

Treatment-

related 

variables 

Tooth type, instrumentation 

technique, irrigation protocol, 

intracanal medicament, 

obturation quality, treatment 

duration 

Dental records Influences 

postoperative 

inflammation 

Behavioral 

variables 

Sleep habits, stress perception, 

oral hygiene practices, 

compliance 

Patient 

questionnaire and 

wearable data 

Reflects recovery and 

self-care behaviors 

Emerging 

biomarkers 

Salivary inflammatory proteins, 

oxidative stress markers, 

cytokines 

Salivary 

biosensors and 

laboratory 

analysis 

Potential enhancement 

of prediction accuracy 

(Herr et al., 2007; Isola 

et al., 2019) 

AI analytical 

methods 

Logistic regression, decision 

trees, random forests, support 

vector machines, artificial 

neural networks, deep learning 

Predictive 

analytics 

platform 

Generates 

individualized flare-up 

risk estimates 

Clinical output Low-, moderate-, or high-risk 

prediction; postoperative 

monitoring recommendations 

Clinical decision-

support system 

Supports personalized 

postoperative 

management 
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Such predictive systems could facilitate early identification of patients requiring intensified 

postoperative monitoring, individualized analgesic protocols, or earlier clinical review. Digital 

follow-up may also improve communication between clinicians and patients while reducing 

unnecessary emergency visits. Experiences gained from digital patient management during 

healthcare disruptions have further emphasized the importance of remote monitoring technologies 

in maintaining continuity of care (Feher et al., 2022). 

Although promising, AI-assisted prediction of endodontic flare-ups remained largely 

investigational. Most available evidence was extrapolated from broader applications of AI in 

dentistry and healthcare rather than large prospective endodontic studies. Standardized datasets, 

external validation, and multicenter clinical trials remain necessary before wearable-based 

predictive analytics can be routinely integrated into endodontic practice (Singh, 2022; Pereira et 

al.). 

D. Clinical Applications, Benefits, Challenges, and Limitations 

Clinical Applications 

The integration of wearable physiological monitoring with artificial intelligence (AI) has 

introduced a promising approach for improving postoperative management in endodontics. 

Wearable devices capable of continuously measuring heart rate variability (HRV), heart rate, stress 

indices, sleep quality, and physical activity offer clinicians access to objective physiological 

information that extends beyond the traditional episodic assessment performed during dental visits. 

When combined with patient-specific clinical data, these physiological parameters may facilitate 

individualized prediction of endodontic flare-ups, enabling more proactive and personalized care 

(Singh, 2022). 

One of the most valuable clinical applications is personalized risk stratification. Conventional risk 

assessment relies on factors such as pulpal diagnosis, presence of periapical pathology, 

preoperative pain, and systemic medical conditions. However, these variables provide only a static 

assessment of patient risk. Wearable-derived physiological data introduce a dynamic dimension 

by capturing autonomic nervous system responses before and after treatment. Reduced HRV, 

elevated resting heart rate, poor sleep quality, and sustained physiological stress may identify 

patients experiencing heightened inflammatory or psychological responses that could predispose 

them to postoperative pain and flare-ups (Singh, 2022). 

Another important application is remote postoperative monitoring. Patients typically leave the 

dental clinic shortly after treatment, while flare-ups often develop several hours or days later. 

Continuous monitoring through wearable devices enables clinicians to observe physiological 

trends remotely, allowing early recognition of abnormal recovery patterns before severe symptoms 

emerge. Such remote surveillance supports timely intervention through follow-up consultations, 
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medication adjustment, or emergency appointments when necessary, thereby potentially reducing 

patient discomfort and unplanned clinical visits. 

Wearable technologies also have considerable potential in tele-endodontics and digital 

postoperative care. Physiological data collected from smartwatches or fitness trackers can be 

securely transmitted to cloud-based platforms where AI algorithms analyze changes over time and 

generate individualized risk scores. These systems may alert clinicians when physiological 

indicators deviate significantly from baseline, prompting additional patient evaluation. Such 

digital monitoring complements conventional postoperative instructions by providing objective 

evidence of patient recovery rather than relying solely on subjective symptom reporting (Holden 

et al., 2018). 

Another emerging clinical application involves integration with electronic dental records (EDRs) 

and clinical decision support systems. Combining physiological information with demographic 

characteristics, medical history, radiographic findings, and treatment variables enables 

comprehensive predictive modeling. AI systems can process these multidimensional datasets to 

identify complex relationships that may not be readily apparent to clinicians, supporting more 

accurate clinical decision-making during treatment planning and postoperative follow-up (Singh, 

2022; Pereira et al.). 

Wearable physiological monitoring may also enhance patient engagement and self-management. 

Many commercially available wearable devices provide users with accessible summaries of sleep 

quality, stress levels, and cardiovascular metrics. Patients recovering from root canal treatment can 

monitor their physiological status while adhering to postoperative recommendations, encouraging 

greater awareness of behaviors that influence healing, such as adequate sleep, stress reduction, 

hydration, and medication compliance. 

Finally, wearable technologies may contribute to clinical research and outcome assessment. 

Traditional studies evaluating postoperative pain often rely on patient-reported pain scales 

collected at predetermined intervals. Continuous physiological monitoring provides objective 

longitudinal datasets that capture subtle autonomic changes preceding symptom onset. These data 

may improve understanding of flare-up pathophysiology and facilitate development of more 

accurate predictive algorithms for future clinical applications. 

 

Benefits of Wearable-Based Monitoring 

Wearable physiological monitoring offers several potential advantages over conventional 

postoperative assessment. The primary benefit is the ability to obtain continuous, real-time 

physiological information rather than isolated measurements recorded during clinic visits. 
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Continuous monitoring captures fluctuations in autonomic activity throughout the recovery period, 

allowing clinicians to identify early deviations from expected healing patterns. 

A second major benefit is the non-invasive nature of wearable devices. Modern smartwatches and 

fitness trackers utilize optical sensors, accelerometers, and photoplethysmographic technologies 

to monitor physiological variables without causing discomfort or interfering with routine daily 

activities. This promotes long-term patient compliance and facilitates repeated measurements with 

minimal burden. 

Wearable monitoring also supports patient-centered care by tailoring postoperative management 

according to individual physiological responses rather than applying uniform treatment protocols. 

Personalized monitoring recognizes that patients exhibit considerable variation in stress responses, 

inflammatory activity, pain perception, and recovery trajectories. AI-driven analysis of wearable 

data may therefore improve individualized risk prediction and optimize postoperative management 

strategies (Singh, 2022). 

Another important advantage is the potential for earlier clinical intervention. Physiological 

changes such as declining HRV or worsening sleep quality may precede the onset of severe pain 

or swelling. Detecting these early warning signs allows clinicians to intervene before flare-ups 

become clinically significant, potentially reducing emergency appointments and improving 

treatment outcomes. 

The incorporation of wearable-derived physiological data into AI models further enhances clinical 

decision support. Machine learning algorithms can simultaneously analyze numerous 

physiological and clinical variables, recognizing subtle patterns that may escape conventional 

statistical methods. Such predictive systems may improve diagnostic consistency while reducing 

clinician workload associated with postoperative surveillance (Pereira et al.; Singh, 2022). 

Furthermore, wearable monitoring aligns with broader trends toward digital healthcare integration 

and interdisciplinary collaboration. Effective implementation requires cooperation among dentists, 

health informaticians, biomedical engineers, and data scientists to ensure appropriate data 

management, algorithm development, and clinical interpretation. Such collaborative frameworks 

have been recognized as essential for successful adoption of health informatics technologies within 

healthcare systems (Holden et al., 2018). 

 

Challenges and Limitations 

Despite their considerable promise, wearable physiological monitoring systems face several 

important challenges that currently limit widespread implementation in endodontic practice. 
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One major limitation is measurement accuracy. Consumer-grade wearable devices exhibit variable 

performance depending on sensor technology, device placement, patient movement, skin 

pigmentation, and environmental conditions. Heart rate measurements are generally reliable under 

resting conditions, whereas HRV estimation may be less accurate during physical activity or 

periods of signal interference. These variations may reduce predictive reliability when 

physiological data are incorporated into AI algorithms. 

Another challenge involves limited endodontic-specific evidence. Although wearable monitoring 

has demonstrated value in cardiovascular medicine, sleep medicine, and behavioral health, 

relatively few studies have directly investigated its role in predicting endodontic flare-ups. Most 

available evidence remains indirect, requiring extrapolation from broader biomedical literature. 

Consequently, large prospective clinical studies are needed before wearable-derived biomarkers 

can be routinely incorporated into clinical protocols. 

Patient adherence also represents a practical limitation. Continuous monitoring depends on 

consistent device usage, adequate battery charging, proper sensor placement, and synchronization 

with digital platforms. Inconsistent use or incomplete data collection may compromise algorithm 

performance and reduce prediction accuracy. 

The complexity of multifactorial pain mechanisms further complicates predictive modeling. 

Endodontic flare-ups result from interactions among microbial infection, host immune responses, 

inflammatory mediators, psychological stress, procedural factors, and patient-specific 

characteristics. Physiological markers such as HRV and sleep quality reflect only part of this 

complex biological process. Consequently, wearable data should complement rather than replace 

conventional clinical examination and diagnostic imaging. 

Another significant limitation concerns algorithm generalizability. Machine learning models 

trained using specific patient populations may perform less accurately when applied to different 

demographic groups or clinical settings. Variations in age, systemic health, ethnicity, device 

manufacturers, and treatment protocols may influence predictive performance, emphasizing the 

need for external validation using diverse patient cohorts (Singh, 2022). 

Integration with existing healthcare infrastructure also presents technical challenges. Wearable 

devices generate large volumes of continuous physiological data that must be securely stored, 

processed, and integrated into electronic dental records. Standardization of data formats, 

interoperability between devices, and efficient clinical workflows remain ongoing challenges for 

digital dentistry (Holden et al., 2018). 

Ethical and Regulatory Considerations 

The use of wearable physiological monitoring introduces important ethical and regulatory 

responsibilities. Continuous collection of sensitive physiological information requires robust 
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patient privacy and data security measures. Secure encryption, controlled data access, and 

compliance with applicable healthcare data protection regulations are essential for maintaining 

patient confidentiality. 

Obtaining informed consent is equally important. Patients should clearly understand what 

physiological data are being collected, how these data will be analyzed, who may access the 

information, and how predictive algorithms contribute to clinical decision-making. Transparent 

communication enhances patient trust and supports ethical implementation of digital monitoring 

technologies. 

Another consideration involves clinical accountability. AI-generated predictions should function 

as decision-support tools rather than autonomous diagnostic systems. Final clinical decisions must 

remain the responsibility of qualified dental professionals who integrate algorithmic 

recommendations with clinical examination, radiographic interpretation, and patient preferences 

(Holden et al., 2018). 

Bias within AI algorithms also requires careful attention. Predictive models trained using non-

representative datasets may produce unequal performance across different populations. Ongoing 

algorithm validation, performance monitoring, and periodic recalibration are therefore essential to 

maintain fairness and clinical reliability (Pereira et al.; Singh, 2022). 

Current Evidence and Research Gaps 

Current evidence supports the growing role of AI and digital health technologies in dentistry; 

however, the application of wearable physiological monitoring specifically for predicting 

endodontic flare-ups remains at an early stage of development. Existing AI applications in 

endodontics have primarily focused on radiographic interpretation, diagnosis, treatment planning, 

and image analysis rather than postoperative physiological surveillance (Singh, 2022; Pereira et 

al.). 

Future investigations should prioritize large multicenter prospective studies evaluating the 

predictive value of HRV, stress indices, sleep quality, and other wearable-derived biomarkers in 

patients undergoing root canal therapy. Standardized protocols for physiological data collection, 

device calibration, and outcome reporting are necessary to facilitate comparison among studies. 

Combining wearable physiological metrics with salivary biomarkers may further improve 

predictive performance, as saliva-based diagnostics have demonstrated substantial potential for 

rapid and non-invasive assessment of inflammatory processes (Herr et al., 2007). Likewise, 

biomarkers associated with oxidative stress and inflammation may complement physiological 

monitoring to provide a more comprehensive assessment of postoperative risk (Isola et al., 2019). 

Broader understanding of oral inflammatory mechanisms and host responses, including evidence 

derived from periodontal research, may also inform future predictive models for endodontic 

complications (Marchetti et al., 2022). Experiences gained during periods of healthcare disruption 
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have additionally highlighted the value of remote patient monitoring and digital follow-up 

strategies for maintaining continuity of care, further supporting continued development of 

wearable-assisted postoperative surveillance (Feher et al., 2022). Together, these advances may 

facilitate the transition toward precision endodontics, where individualized physiological 

monitoring and AI-driven analytics enhance postoperative care while complementing established 

clinical practice. 

E. Future Perspectives and Conclusion 

Future wearable technologies are expected to play an increasingly important role in transforming 

postoperative monitoring and personalized care in endodontics. Continuous physiological 

monitoring through smartwatches, fitness trackers, and other wearable biosensors has the potential 

to shift clinical management from reactive treatment of flare-ups to proactive identification of 

patients at elevated risk. Future research should prioritize the development of predictive algorithms 

that integrate wearable-derived physiological parameters, including heart rate variability, resting 

heart rate, stress indices, and sleep quality, with conventional clinical variables such as pulpal 

diagnosis, preoperative pain, radiographic findings, and procedural characteristics. Such 

multimodal prediction models may substantially improve the accuracy of individualized risk 

assessment and support evidence-based clinical decision-making (Singh, 2022). 

 

Artificial intelligence is expected to become an integral component of digital endodontics by 

enabling real-time interpretation of large volumes of physiological and clinical data. Machine 

learning algorithms capable of continuously updating patient risk profiles could facilitate timely 

clinical interventions, optimize postoperative analgesic strategies, and reduce the incidence of 

emergency visits related to flare-ups. Furthermore, integration of wearable monitoring with 

electronic dental records and cloud-based clinical decision support systems may enable seamless 

communication between patients and clinicians while enhancing continuity of care. These 

developments will require close collaboration among dentists, health informaticians, biomedical 

engineers, and data scientists to ensure clinically meaningful implementation and interoperability 

across healthcare systems (Holden et al., 2018; Singh, 2022). 

 

Future investigations should also explore the incorporation of complementary biological markers 

alongside wearable physiological measurements. Salivary diagnostics represent a particularly 

promising avenue because saliva contains numerous inflammatory and oxidative stress biomarkers 

that may reflect the biological processes underlying postoperative tissue responses. The 

combination of wearable physiological monitoring with rapid salivary biomarker assessment could 

improve predictive performance by providing both systemic and local indicators of inflammation. 

Advances in microfluidic diagnostic technologies may facilitate chairside assessment of these 

biomarkers, making integrated monitoring increasingly feasible within routine dental practice 

(Herr et al., 2007; Isola et al., 2019). 
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The development of explainable artificial intelligence should also receive considerable attention. 

Clinicians are more likely to adopt predictive systems when algorithmic recommendations are 

transparent, interpretable, and supported by clinically relevant variables. Explainable models may 

improve practitioner confidence, facilitate patient communication, and promote responsible 

clinical decision-making. Similarly, standardized reporting frameworks and externally validated 

prediction models will be essential before widespread clinical implementation can be 

recommended. Current evidence remains heterogeneous, highlighting the need for multicenter 

prospective studies involving diverse patient populations and standardized wearable technologies 

to improve model generalizability (Pereira et al.; Singh, 2022). 

 

Another important direction involves expanding tele-endodontic care through remote patient 

monitoring. Wearable devices linked to smartphone applications may allow clinicians to identify 

physiological changes suggestive of increasing postoperative pain or inflammatory responses 

before symptoms become clinically significant. Such systems could enable automated alerts, 

personalized follow-up schedules, and early therapeutic interventions, potentially reducing 

unnecessary emergency appointments and improving patient satisfaction. The growing adoption 

of digital healthcare platforms following recent changes in healthcare delivery further supports the 

feasibility of remote postoperative surveillance in dentistry (Feher et al., 2022). 

 

Despite these promising developments, several challenges remain. Wearable devices differ in 

measurement accuracy, sensor quality, and proprietary algorithms used to calculate physiological 

indices. Patient adherence to continuous monitoring, protection of personal health information, 

regulatory oversight, and ethical use of artificial intelligence must all be carefully addressed before 

these technologies can become part of routine endodontic practice. Additionally, physiological 

parameters such as heart rate variability and sleep quality are influenced by multiple systemic, 

psychological, and environmental factors that may introduce confounding variables into predictive 

models. Consequently, wearable data should be interpreted as complementary to, rather than 

replacements for, comprehensive clinical evaluation (Holden et al., 2018; Pereira et al.). 

 

Conclusion 

 

Predicting endodontic flare-ups remains a significant clinical challenge because postoperative 

complications result from complex interactions among microbial, host immune, procedural, and 

psychological factors. Wearable physiological monitoring offers a novel opportunity to 

continuously assess dynamic indicators such as heart rate variability, stress levels, and sleep 

quality, thereby providing valuable information that extends beyond conventional clinical 

assessment. When combined with artificial intelligence, these physiological data have the potential 

to improve individualized prediction of postoperative complications, facilitate earlier clinical 

intervention, and support personalized patient management (Singh, 2022). 
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Current evidence suggests that integrating wearable-derived physiological information with 

clinical findings, radiographic assessment, and patient-specific characteristics may enhance 

predictive accuracy while supporting the evolution of precision endodontics. Emerging 

technologies, including digital health platforms, electronic health record integration, and salivary 

biomarker analysis, may further strengthen comprehensive predictive models capable of 

improving postoperative outcomes (Herr et al., 2007; Isola et al., 2019). 

 

Although existing research demonstrates considerable promise, robust clinical validation remains 

necessary before widespread implementation can be achieved. Future multidisciplinary 

collaboration involving clinicians, biomedical engineers, health informaticians, and artificial 

intelligence researchers will be essential to develop reliable, interpretable, and clinically applicable 

predictive systems. As digital technologies continue to evolve, wearable physiological monitoring 

has the potential to become an important adjunct in endodontic practice, supporting proactive 

patient care, reducing flare-up incidence, and improving the overall quality of endodontic 

treatment (Holden et al., 2018; Pereira et al.; Singh, 2022). 
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