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ABSTRACT:

Temporomandibular joint (TMJ) remodelling during clear aligner therapy (CAT) has emerged as a critical area of interest due to its implications for orthodontic
biomechanics, treatment planning, and patient safety. While CAT delivers lighter, intermittent forces that may exert a protective effect on TMJ function compared
with fixed appliances, subtle osseous and soft-tissue adaptations often remain undetectable through conventional imaging. Radiomics a quantitative technique that
extracts high-dimensional features from CBCT and MRI offers a transformative approach to identifying microstructural changes in condylar morphology, cortical
integrity, trabecular patterns, and disc-related alterations. By integrating radiomics with digital orthodontic workflows, clinicians can achieve early risk stratification,
personalized force staging, and more precise monitoring of TMJ adaptation throughout treatment. However, variability in imaging protocols and segmentation
methods highlights the need for standardized pipelines and multicentre validation. Radiomics-driven biomarkers hold promise for enhancing decision-making and

advancing precision orthodontics.
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Introduction

Temporomandibular joint (TMJ) function plays a crucial role in maintaining normal craniofacial biomechanics, and disorders affecting the joint are
common among orthodontic patients, with reported prevalence ranging from 12% to over 30%, particularly in those with malocclusions.! Although the
relationship between orthodontic treatment and TMD remains debated, orthodontic tooth movement can alter occlusion and mandibular positioning,
thereby influencing TMJ loading and potentially triggering adaptive remodelling; however, existing evidence is mixed, with some studies suggesting
slightly increased odds of TMD (OR ~1.8) and others reporting no significant association.” The rapid rise of clear aligner therapy (CAT) has renewed
interest in this discussion, as aligners deliver intermittent, controlled, and generally lighter forces compared to the continuous, bracket-based forces of
fixed appliances, potentially minimizing muscular strain and modifying TMJ loading patterns.* Several clinical observations indicate that CAT may help
reduce or avoid exacerbation of TMD symptoms possibly due to its occlusal-splint-like effect and more physiologic force delivery highlighting its
biomechanical advantages.* At the same time, traditional imaging assessments of the TMJ rely on linear and volumetric morphometrics, which are
insufficient for capturing subtle microstructural changes occurring during orthodontic treatment.’ Radiomics offers a transformative alternative by
extracting high-dimensional features related to texture, intensity, and shape from CBCT or MRI, enabling detection of early or nuanced remodelling
changes in bone and soft tissues that are not visible through conventional analysis. This integrative perspective highlights the importance of understanding
TMJ adaptation during orthodontic treatment, the potential protective role of clear aligners in minimizing joint strain, and the emerging value of radiomics

in providing sensitive, quantitative biomarkers for personalized monitoring of TMJ responses throughout orthodontic care.®

Biomechanical Characteristics of Clear Aligner Therapy and Their Influence on TMJ Loading

Clear Aligner Therapy (CAT) operates through a fundamentally different biomechanical paradigm compared to fixed appliances, as forces are generated
by the elastic rebound of polymer aligner shells closely adapted to tooth crowns and attachments, producing distributed pushing forces rather than the
continuous, wire-derived forces applied near the center of resistance in traditional braces.” These aligner-based forces are characteristically intermittent
due to wear patterns of approximately 20-22 hours per day and tend to be lower, more variable, and less directionally precise because of material stress
relaxation, aligner thickness, and subtle fit discrepancies. As a result, CAT more readily induces tipping and intrusion movements, while bodily
translation, torque, and root control often require strategic use of composite attachments and carefully sequenced staging to enhance biomechanical
efficiency.® These distinct force dynamics translate into unique TMJ loading patterns: intermittent, gentle forces and reduced continuous occlusal
interference may lower muscular strain and joint loading fluctuations, while the full-arch, splint-like nature of aligners may contribute to a more stable
mandibular posture with potential protective effects on TMJ function.” However, the propensity for uncontrolled tipping or occlusal alterations in poorly
planned CAT cases may conversely influence mandibular dynamics and modulate TMJ forces in unintended ways. Clinically, this suggests that CAT
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may reduce TMJ stress and TMD symptoms relative to fixed appliances, yet still demands meticulous treatment planning, attachment design, and occlusal
monitoring. Radiomic evaluation of TMJ tissues and joint spaces offers an advanced means to capture these subtle biomechanical adaptations, providing

sensitive imaging biomarkers to guide personalized orthodontic care. '’

Imaging Modalities for TMJ Remodelling Assessment

Evaluating TMJ remodelling requires a multimodal imaging approach because each modality offers unique advantages and inherent limitations. Cone
Beam Computed Tomography (CBCT) is highly effective for assessing osseous components of the TMJ, providing detailed three-dimensional
visualization of condylar morphology, cortical integrity, and joint space dimensions with relatively low radiation exposure and rapid acquisition; however,
it lacks soft tissue contrast and its resolution varies with voxel size, limiting assessment of the disc and inflammatory changes.!' Magnetic Resonance
Imaging (MRI), by contrast, is the gold standard for soft tissue evaluation, allowing precise visualization of disc position, morphology, joint effusion,
and inflammatory changes, as well as dynamic assessment of disc movement, though it is costlier, slower, and less capable of capturing fine bony detail
compared to CBCT. Ultrasound serves as a radiation-free, accessible adjunct for assessing superficial soft tissues, such as disc displacement and muscle
pathology, but remains operator-dependent and unable to reliably visualize deeper bony structures.'? Functional imaging modalities like SPECT and PET
can detect inflammatory or metabolic activity and may help identify early degenerative changes, though their use in routine orthodontic TMJ evaluation
is limited. Traditional two-dimensional radiographs such as panoramic or transcranial views provide minimal diagnostic value because of structural
superimposition and inability to capture three-dimensional joint relationships.'® In contrast, modern 3D and voxel-based morphometric analyses, paired
with radiomic feature extraction, offer substantial improvements in detecting subtle remodelling by quantifying microstructural bone and soft-tissue

changes beyond the capability of conventional measurements.'*

Radiomics Framework for Advanced TMJ Remodelling Assessment

Radiomics offers a powerful, data-driven approach to TMJ evaluation by extracting high-dimensional quantitative features from segmented joint
structures, enabling detection of subtle remodelling or early pathology that conventional morphometrics may overlook. The process begins with
standardized image acquisition typically CBCT for osseous detail or MRI for soft-tissue evaluation followed by voxel harmonization and pre-processing
steps such as isotropic resampling, denoising, and intensity normalization to reduce variability across scanners and imaging sessions.'> Accurate
segmentation of regions of interest, including the condyle, glenoid fossa, cortical shell, and marrow, is essential but challenging due to thin cortical plates,
partial-volume artifacts, and limited disc visibility on CBCT, often requiring manual or semi-automated methods supported by expert review. Feature
extraction then generates a comprehensive set of descriptors, including first-order intensity metrics, shape parameters, and advanced texture features

16 Because radiomic

derived from matrices such as GLCM, GLRLM, and GLSZM, along with wavelet-based features capturing spatial frequency details.
datasets are high dimensional, feature selection techniques such as ICC-based stability testing, correlation filtering, LASSO, or PCA are crucial to isolate
robust, non-redundant predictors before building diagnostic or prognostic models using statistical or machine-learning algorithms, ideally paired with
explainability tools to interpret feature relevance. Rigorous validation through cross-validation, external datasets, test-retest studies, and phantom
assessments ensures reproducibility and clinical applicability. Adhering to IBSI guidelines, TRIPOD/REMARK reporting standards, and maintaining
adequate sample sizes further strengthens methodological rigor.'” TMI-specific considerations include anatomical complexity, the need for multimodal
imaging to overcome limitations of individual modalities, harmonization strategies such as ComBat for multi-center datasets, and ethical justification of
repeated CBCT exposure. When applied effectively, this radiomics workflow enables sensitive, quantitative tracking of TMJ remodelling during

orthodontic interventions such as clear aligner therapy, supporting personalized treatment planning and advancing understanding of joint biomechanics.'®

Practical Considerations for Radiomics Evaluation

From a radiomics perspective, practical challenges arise in achieving accurate and reproducible TMJ segmentation due to anatomical complexity, thin
cortical structures, partial-volume artifacts, and the limited ability of CBCT to visualize the articular disc, often necessitating MRI integration; recent
deep-learning models such as CNNs and YOLOVS are increasingly enabling automated, high-fidelity 3D segmentation to reduce observer variability."”
Optimal imaging selection remains critical CBCT serves as the preferred modality for bone-based radiomics owing to its high spatial resolution, whereas
MRI is superior for extracting radiomic features from soft tissues, including the disc and masticatory muscles, with multimodal radiomics offering a more
holistic assessment when supported by careful cross-modality registration. To ensure feature reproducibility across scanners and protocols, harmonization
methods such as ComBat correction, intensity standardization, and modelling of vendor-related covariates are essential, alongside rigorous test—retest
and inter-rater reliability analyses.?’ Ethical considerations are equally important, as repeated CBCT scans elevate cumulative radiation exposure,
particularly in younger populations; this necessitates the use of low-dose protocols and clinically justified imaging intervals, with MRI serving as a safer
but less accessible alternative.?!

Radiomic Biomarkers in TMJ-Centered Clear Aligner Therapy

Radiomic biomarkers hold substantial potential to transform precision orthodontics by enabling early TMJ risk stratification, personalized force staging,
and optimized monitoring of joint remodeling during clear aligner therapy. By extracting high-dimensional quantitative features from CBCT and MRI,
radiomics can detect subtle, preclinical alterations in condylar morphology, cortical density, trabecular architecture, and soft-tissue integrity that signal
susceptibility to adverse TMJ outcomes, allowing orthodontists to individualize aligner force levels, sequencing, and staging to minimize joint loading.??
A major advantage lies in seamless integration with digital orthodontic workflows, where radiomic data can be embedded into aligner treatment-planning
platforms to simulate force vectors, predict joint response, and generate adaptive feedback loops enabling real-time treatment modifications. Multimodal
radiomics combining CBCT-derived bony metrics with MRI-based soft-tissue signatures provides a comprehensive view of TMJ remodeling, facilitating
more informed decision-making on force application timing and intensity.?® To translate these innovations clinically, prospective multicenter longitudinal
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cohorts, robust external validation, and automated deep-learning-driven segmentation pipelines are essential to ensure reproducibility and scalability.?
Furthermore, coupling radiomic biomarkers with finite element analysis and biomechanical modeling can elucidate mechanobiological pathways linking
imaging-derived features to actual joint loading patterns, enriching the scientific understanding of TMJ response to orthodontic forces. Explainable Al
frameworks will be critical for clinical trust, clarifying which features influence predictions and enabling transparent, interpretable decision-support
tools.”

Conclusion

Radiomics offers a transformative approach to understanding and managing TMJ remodeling during clear aligner therapy (CAT) by detecting subtle,
high-dimensional imaging biomarkers that conventional methods overlook. Integrating TMJ biomechanics, multimodal imaging (CBCT for bone, MRI
for soft tissue), and standardized radiomic workflows enables precise risk stratification for TMD, customized force staging to minimize joint loading, and
adaptive monitoring within digital orthodontic platforms. Future directions emphasize multimodal radiomics, robust automation, and biomechanical
integration to enable precision orthodontics, reducing TMD prevalence and enhancing outcomes in CAT patients.
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