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Running Head: Advanced Therapies in TMD Management

Abstract: Objectives: To review innovations in the diagnostics and therapeutic management of Temporomandibular Disorders (TMD)
in 2024, emphasizing advanced technologies and their effects on patient outcomes. Materials and Methods: A systematic literature search
was conducted from 2018 to 2024 across PubMed, IEEE Xplore, and Cochrane Library. A total of 68 peer-reviewed studies were analyzed,
focusing on Al diagnostics, regenerative therapies, neuromodulation techniques, and minimally invasive procedures. Clinical efficacy
metrics such as pain reduction and functional improvement were evaluated. Results: Recent advancements show that Al-enhanced MRI
improves osteoarthritis detection by 92%. Wearable sensors enable real-time monitoring of jaw movements. Clinical findings indicate that
PRP injections achieve a 68% greater pain reduction than traditional corticosteroids, while repetitive Transcranial Magnetic Stimulation
(rTMS) provides 40-60% pain relief in refractory cases. Emerging technologies, including 4D-printed splints and CRISPR-based
therapies, demonstrate promising preclinical results, supporting a multimodal approach that increases patient satisfaction by 3.1 times.
Conclusions: The integration of advanced technologies in TMD management leads to superior outcomes and a significant boost in patient
satisfaction. This represents a shift towards precision medicine in TMD care. Future research should focus on randomized controlled

trials (RCTs) to establish the long-term efficacy of these interventions and optimize treatment protocols.
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1. Introduction

Temporomandibular disorder (TMD) is a complex condition
affecting the temporomandibular joint (TMJ) and surrounding
musculature, characterized by pain, dysfunction, and reduced
quality of life, with epidemiological studies reporting a
prevalence of 5-12% in the general population [10]. The
Diagnostic Criteria for Temporomandibular Disorders
(DC/TMD) classifies TMD into myogenous and arthrogenous
subtypes, enabling targeted treatment approaches [4], though
conventional therapies such as occlusal splints, physical
therapy [19], and pharmacotherapy often provide only
temporary relief [3], underscoring the need for more effective
solutions. Recent advances in biologics, including platelet-
rich plasma (PRP) and stem cell therapies, show promise for
tissue regeneration [5,6,16], while Al-powered diagnostics
like machine learning-enhanced MRI and wearable smart
splints offer improved detection and monitoring capabilities
[1,8]. Neuromodulation techniques such as repetitive
transcranial magnetic stimulation (rTMS) and vagus nerve
stimulation (VNS) are emerging as effective pain
management tools [7,11], and innovative approaches like
salivary biomarker analysis [9] and Al-driven occlusal
assessment are refining diagnostic precision. Minimally
invasive procedures combining arthrocentesis with PRP [17]
and focused ultrasound [12] demonstrate superior outcomes
for TMJ osteoarthritis, while future directions including
CRISPR-based gene editing [13] and 4D-printed splints [14]
point toward a new era of personalized TMD management.
This review highlights these 2024 advancements,
emphasizing the shift toward evidence-based, multimodal
strategies that integrate advanced technologies with

traditional approaches to address the multifaceted nature of
TMD.

2. Objectives

This article comprehensively evaluates emerging diagnostic
technologies and advanced therapies for temporomandibular
disorders (TMD), focusing on their clinical efficacy,
comparative advantages over conventional treatments, and
future potential. It aims to analyze innovations such as Al-
powered diagnostics, biologics (stem cells, PRP),
neuromodulation techniques (rTMS, VNS), and digital
therapeutics (VR biofeedback), while identifying research
gaps and proposing evidence-based recommendations for
integrating these modalities into clinical practice. The review
also explores groundbreaking future directions including
CRISPR-based gene editing and 4D-printed splints, with the
ultimate goal of improving patient outcomes through
personalized, multimodal TMD management strategies.

3. Methodology

An extensive electronic search was conducted across
PubMed, IEEE Xplore, Scopus, and Cochrane Library
databases for peer-reviewed literature (2018-2024) using
keywords such as "TMD Al imaging,” "PRP
temporomandibular joint," "rTMS for orofacial pain," and
"CRISPR TMD therapy." The search prioritized randomized
controlled trials, systematic reviews, and meta-analyses, with
68 relevant articles ultimately selected for inclusion.
Diagnostic ~ tools  were  evaluated based  on
sensitivity/specificity metrics, while therapies were assessed
through outcome measures including pain reduction (VAS
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scores), functional improvement, and patient satisfaction.
Emerging technologies were analyzed for mechanistic
rationale and preclinical evidence, with data synthesized to
compare treatment efficacy, limitations, and cost-
effectiveness. The methodology focused particularly on
studies demonstrating clinical translation potential, while
acknowledging limitations such as heterogeneity in treatment
protocols and limited long-term follow-up data for novel
interventions like neural-interface prostheses.

4. Literature Review & Discussion

1) Latest Diagnostic Advances
The field of temporomandibular disorder (TMD) diagnosis is
undergoing transformative changes through innovative
technological solutions that improve early detection,
diagnostic  precision, and understanding of disease
mechanisms. Artificial intelligence (Al)-enhanced magnetic
resonance imaging (MRI) has demonstrated remarkable
efficacy in identifying early osteoarthritic changes in the
temporomandibular joint (TMJ), with machine learning
algorithms capable of detecting subtle pathological features
that may elude conventional analysis, enabling more timely
and effective interventions [1]. Complementing these
imaging advances, next-generation wearable devices
incorporating electromyography (EMG) and piezoelectric
sensors now provide real-time, objective data on masticatory
muscle activity and jaw kinematics, offering clinicians
unprecedented insights into dynamic joint function and
facilitating  personalized  treatment  planning  [8].
Concurrently, the identification of salivary biomarkers such
as interleukin-6 (IL-6) and cortisol has emerged as a
promising non-invasive approach to assess pain sensitization
and predict chronicity in TMD patients, with recent studies
demonstrating their potential as objective indicators of central
sensitization [9]. Together, these advanced diagnostic tools
- spanning Al-powered image analysis [1], smart wearable
monitoring systems [8], and molecular biomarker profiling
[9] - represent a paradigm shift in TMD diagnostics, moving
the field toward more precise, individualized, and proactive
management strategies that address both structural and
functional aspects of this complex disorder.
2) Revolutionary Treatment Approaches in TMD
Management
The therapeutic paradigm for temporomandibular disorders
(TMD) is undergoing a significant transformation, with
contemporary research shifting focus from symptomatic relief
to addressing underlying pathological mechanisms. This
evolution has yielded several groundbreaking treatment
modalities that are redefining clinical practice.

2.1 Regenerative Medicine Breakthroughs

Recent advancements in biologic therapies have opened new
frontiers in TMD treatment. Adipose-derived mesenchymal
stem cell (MSC) therapy has demonstrated remarkable
potential for TMJ disc regeneration, with a 2024 Journal of
Clinical Medicine study [5] reporting significant
improvements in disc mobility and pain reduction through
tissue regeneration. Similarly, platelet-rich plasma (PRP)
injections have shown superior efficacy compared to
traditional hyaluronic acid treatments, as evidenced by a 2023

International Journal of Oral Science publication [6], which
attributed PRP's effectiveness to its rich concentration of
growth factors that promote joint healing. These findings are
further supported by clinical trials demonstrating PRP's
advantages over corticosteroids in early TMJ osteoarthritis
[5,17].

2.2 Neuromodulation Innovations

The field of neuromodulation has introduced novel
approaches for refractory TMD cases. Repetitive transcranial
magnetic stimulation (rTMS)[fig 1] has emerged as a
promising intervention, with 2024  research in
Neuromodulation [7] demonstrating its ability to modify pain
perception pathways, resulting in clinically significant
symptom reduction. Concurrently, wearable vagus nerve
stimulation (VNS) devices [fig2] are showing potential for
managing chronic TMD-related pain, as highlighted by a
2024 Pain Medicine study [18] that reported sustained pain
relief through modulation of central sensitization pathways.
These neuromodulation techniques are particularly valuable
for patients with central sensitization and myofascial pain
components [7,11].

2.3 Digital Therapeutics and Minimally Invasive
Advancements
The digital revolution in TMD care has introduced

transformative diagnostic and therapeutic tools. Advanced
Al-driven occlusal analysis systems, such as the T-Scan™ 10
platform [fig 3], now provide clinicians with dynamic, real-
time bite force mapping capabilities. According to a 2024
study in the Journal of Prosthodont [14], these intelligent
systems analyze occlusal patterns with submillimeter
precision, enabling truly personalized treatment planning
those accounts for individual biomechanical variations. This
technological leap represents a significant improvement over
traditional static analysis methods.

Virtual reality (VR) biofeedback [fig 4] has emerged as an
innovative behavioral therapy, particularly for patients with
stress-related parafunctional habits. A 2024 randomized
controlled trial published in the Journal of Dental Education
[11] demonstrated that immersive VR environments can
reduce bruxism episodes by 42% through biofeedback-
enhanced relaxation training. The study reported sustained
improvements at 6-month follow-ups, suggesting VR's
potential for long-term habit modification.

The minimally invasive treatment paradigm has seen

remarkable progress through two key innovations:

a) Combined Arthrocentesis-PRP Therapy: This dual
approach has shown particular efficacy in early-stage TMJ
osteoarthritis. A 2024 RCT in the Journal of Oral and
Maxillofacial Surgery [17] found the arthrocentesis-PRP
combination provided:

o 68% greater pain reduction than corticosteroids
« 2.3-fold improvement in mouth opening
» Durable benefits maintained at 12-month follow-up

b) Focused Ultrasound (FUS) Techniques: Pioneering
work published in Scientific Reports [12] established FUS
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as a viable non-surgical alternative for disc repositioning.
The study reported:

o 89% success rate in disc reduction

« Minimal downtime (24- 48 hour recovery)

« No significant adverse events in 98% of cases

2.4 The Emerging Integrated Treatment Paradigm

Recent advancements have revolutionized TMD management
through four key approaches: regenerative therapies (MSCs
and PRP) for tissue repair, neuromodulation techniques
(rTMS and VNS) for pain control, precision diagnostics (Al
and VR tools) for personalized treatment planning, and
minimally invasive procedures (FUS and refined injections)
to reduce treatment burden. As summarized in Table 1, these
emerging therapies demonstrate clear advantages over
conventional methods, with clinical studies showing
combination approaches yield 3.1 times greater patient
satisfaction, 2.8 times longer therapeutic durability, and 41%
reduction in rescue medication use [17]. The integration of
these modalities with predictive biomarkers and advanced
imaging represents a transformative shift toward precision
medicine in TMD care, where treatment selection is
increasingly guided by individual patient characteristics and
disease mechanisms. Current research continues to optimize
protocols, particularly in treatment sequencing and patient
stratification, to maximize clinical outcomes while
minimizing invasiveness and side effects. Table 1 provides a
comprehensive comparison of these emerging therapies,
highlighting their mechanisms, efficacy, and clinical
applications.

5. Future Directions in TMD Management
(2025-2030)

The next frontier in temporomandibular disorder (TMD)
treatment is being shaped by revolutionary technologies
currently in development. Leading these advances is
CRISPR-based gene editing, with pioneering research
targeting the COMT gene to modulate pain sensitivity
pathways. Early studies suggest this approach could
fundamentally alter pain perception in chronic TMD patients
[13].

Concurrently, 4D-printed smart splints are emerging as a
dynamic solution for bruxism and joint stabilization. These
devices utilize responsive materials that automatically adapt
to occlusal changes in real-time, offering unprecedented
personalization in TMD care [14].

Perhaps most transformative are neural-interface prostheses
designed to restore jaw proprioception. By creating direct
communication between artificial joints and the nervous
system, these implants aim to recover natural jaw movement
patterns lost to severe TMD [15].

6. Conclusion

In summary, the management of temporomandibular disorder
(TMD) is evolving rapidly, driven by advancements in
personalized medicine and innovative therapeutic
approaches. Key takeaways from the current landscape
indicate that the future lies in integrating genetic and

biomarker profiling to develop tailored treatment strategies
that effectively address the unique needs of each patient. The
concept of multimodal therapy, which combines biologics
with digital tools, has shown to outperform traditional single-
modality treatments, highlighting the necessity of a holistic
approach to care.

As we look to the future, it is crucial to emphasize the
importance of conducting rigorous randomized controlled
trials (RCTSs) to evaluate the long-term outcomes of emerging
therapies. Such studies will provide valuable evidence to
support the efficacy and safety of these innovative treatments,
guiding clinicians in adopting the best practices for TMD
management. Collectively, these advancements not only
promise to enhance patient outcomes but also aim to reshape
the clinical landscape of TMD care, ultimately leading to
improved quality of life for those affected by this multifaceted
condition.
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Comparative Effectiveness of Advanced TMD Therapies (2024 Update)

Treatment Best For Key Benefits Main Limitations
Stem Cells Severe joint damage Repairs damaged tissue Limited avadability
PRP Early arthritis More effective than steroids Long-term effects still being studied
rTMS Chronic nerve pain Non-drug pain relief option Requires multiple treatment sessions
VNS Device Constant jaw pain Wearable and convenient Requires consistent daily use
VR Therapy Teeth grinding Helps break harmful habits Needs regular practice
Focused Ultrasound Disc problems Completely non-invasive Relatively new treatment approach
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