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This Special Issue was initiated in response to the call for improved research by the National Academies of Sciences, Engineering, and Medicine (NASEM) (United States) Consensus Study Report on Temporomandibular Disorders (TMDs), a set of putatively localized musculoskeletal conditions. In this Special Issue, the importance of systems biology for TMDs emerges from each of three separate publications. The importance of systems biology to patients is anchored in two domains—laboratory research and clinical observation. The three publications fully speak to the underlying goals in the NASEM recommendations for initiatives: that research on TMDs needs to broaden, that integration between basic and clinical science needs to improve, and that while better evidence is needed, clinicians need to utilize the evidence that already exists. All three of these initiatives, taken together, would lead to better understanding of these complex diseases and to better care of patients with these diseases.
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1 Introduction

The publication of Temporomandibular Disorders: Priorities for Research and Care (1) by NASEM in the United States stimulated, among many initiatives, the call for papers for this Special Issue on temporomandibular disorders (TMDs). In particular, this Special Issue was warranted in recognition of TMDs as complex diseases: traditional research approaches are no longer considered sufficient to advance our knowledge regarding these disorders and their treatment. We (the editors) were cognizant of innovative research studies being conducted on the masticatory system and on other systems relevant to improving our knowledge base regarding TMDs. Two themes for this issue were announced: application of systems biology to basic TMD research, and integration of basic and clinical research expertise. Invitations (more than 100) were mailed, using a variety of lists of known researchers and laboratories, five manuscripts were submitted, and three were accepted.

Two of the three accepted manuscripts meeting the objectives for this Special Issue involve basic science investigating osteoarthritis (OA) of the temporomandibular joint (TMJ) (2, 3). These two manuscripts nicely fulfilled the first theme. Indeed, those two papers represent the kind of science that the NASEM committee noted was urgently needed in order to change the trajectory of knowledge development regarding TMDs. Basic science of peripheral pain generators associated with musculoskeletal conditions, mechanisms underlying comorbidity, investigations of clinical phenotypes, improvements in diagnostic testing and nosology, role of behavior on musculoskeletal dysfunction, and rigorous clinical trials of existing or new therapies, among other important topics, are all missing from the final papers in this special issue. While these topics are clearly represented in the broader published pain research, we believe that too little of the research addresses the unique aspects of pain and mechanical problems associated with the masticatory system. For example, trigeminal-mediated nociception from the masticatory system appears to have unique significance for pain processing (4, 5), while the importance of mastication for survival appears to underly multidirectional possibilities in how an adaptive mechanism within the masseter muscles can be activated in order allow chewing and minimize pain (6). The absence of these listed topics in this Special Issue is a noteworthy gap and we believe that the gap points not only to the obvious research needs, but also to two other important aspects: the magnitude of the silo problem affecting both research and clinical care in this area of medicine and this area of the body, and the severe knowledge gap in implementing current pain science into new effective treatments.

Given the paucity of such science across the many topics essential for improved understanding of TMDs, it is perhaps not surprising that clinical beliefs and practices, as described by Greene and colleagues (7) in a Perspective that is the third paper in this issue, emerge to fill the knowledge gap. That such beliefs and practices do not accord with basic principles of disease epidemiology, known pathophysiology of TMDs, or clinical decision-making only serves to reinforce the views expressed in the NASEM report on TMDs: there is too little adequate science, and clinical practices do not adhere adequately to the science that does exist and is quickly evolving. Here, we will explore some immediate implications regarding current and future knowledge that is stimulated by the three science papers published in this Special Issue.



2 Current advances in basic science relevant to TMDs


2.1 Mechano-signaling is a local determinant for joint integrity

TMJ OA is a degradative joint disease resulting in tissue loss. Reed et al. (2) regard the pathogenesis of degenerative arthropathies, such as TMJ OA, as influenced by altered mechanical homeostasis. The extracellular matrix is speculated to initiate TMJ OA by transducing aberrant mechanical forces to TMJ fibrochondrocytes. However, the regulation of mechanical signals and the downstream events contributing to TMJ OA are poorly understood.

These studies demonstrate that the physical interaction between NG2/CSPG4, a transmembrane proteoglycan in TMJ fibrochondrocytes, and type VI collagen, a pericellular ECM protein, is critical for mechanical homeostasis and joint health. Using multiple in vivo and in vitro models Reed et al. demonstrate that NG2/CSPG deficiency and ERK 1/2 mechano-signaling is correlated with TMJ OA pathogenesis. For example, in a surgical TMJ OA mouse model, there is loss of NG2/CSPG4 and NG2/CSPG4-deficient mice develop TMJ OA. Using fibrochondrocytes, the application of static compression alters the ectodomain and increases the cytosolic NG2/CSPG4 intracelluar domain through clathrin-mediated endocytic pathways. RNA-seq and in vitro analyses reveal that NG2/CSPG4 deficient TMJ-derived chondrocytes have reduced mechanical activation of ERK 1/2 signaling, which contribute to enhanced expression of degradative proteases. Taken together, NG2/CSPG serves as a mechanistic link between the pericellular matrix and the intracellular signaling cascades that regulate aberrant fibrochondrocyte fates. These studies demonstrate the precise mechano-sensitive response pattern of fibrochondrocytes, highlighting the importance of controlled loading within a local mechanical environment for TMJ health.

The implication is that controlled reversal of TMJ degeneration may be possible. One hoped-for outcome of such treatment would be to restore a more healthy joint environment for proper signaling from joint afferents, for example as potential for improved proprioception (8) and its impact on restoring normal movement patterns, essential for normal mastication and speech. Knowledge gained from perhaps the most studied joint with OA—the knee—suggests that improvement in function following any medical treatment of knee OA is greatly enhanced by changing the forces on the joint through local exercise (9, 10) and that how such exercise is learned and nuances in its performance matter (11). We do not yet understand what corrective exercise for the masticatory system needs to be implemented in order to achieve true rehabilitative potential. The critical evaluation of clinical treatment methods for self-regulation and rehabilitation of masticatory function is only at the beginning (12, 13).



2.2 The determinants of anatomic structural integrity are not only local

Mackie et al. (3) used reliable measures of articular fossa and joint space to evaluate the effectiveness of machine-learning algorithms in diagnosing early to moderate stages of TMJ OA. They aimed to integrate biomarker, morphometry, and clinical data to improve imaging phenotypes. While the inclusion of fossa imaging biomarkers improved the performance of OA classifiers, these biomarkers alone may not diagnose early disease stages. The participants (n = 92) were examined in detail: DC/TMD examination; collection of serum and saliva biomarkers associated with nociception, inflammation, angiogenesis and bone resorption; and high-resolution cone beam computed tomography (h-CBCT) scans. The combined data were analyzed using two AI-based tools, TMJOAI (TMJ Osteoarthritis Artificial Intelligence) and TMJPI (TMJ Privileged Information), with the aim to create a more accurate, non-invasive diagnostic approach for TMJ OA, potentially leading to better patient care through early detection.

This study demonstrates notable advances in the use of technical tools for increasingly more granular assessment of bony structures associated with TMDs, but at the same time highlights the importance of clinical features—headaches, muscle soreness, and pain-free mouth opening—contributing to algorithmic classification. All three of these clinical features are overwhelmingly important constructs in the clinic, well-known to pain clinicians as sensitive markers of disease progress, and directly relevant to patient concerns. Identifying which individuals are likely to benefit from early conservative treatment approaches would represent a major conceptual advance for TMD treatments. Future longitudinal study assessments can use these baseline predictor values to build more sophisticated prediction models for estimating the risk of progression of TMJ osteoarthritis.

These additional important diagnostic features of headache, muscle soreness, and pain-free mouth opening all share the fundamental characteristic of pain and the influence of pain processing on how other non-pain findings (such as biomarkers related to the TMJ) manifest. Among multiple attributes—including domains of pain report, clinical tests, function, and beliefs—specific to the masticatory system, clinical measurements are influenced by the presence of other pain disorders, mood states, and general health (14). In other words, disease-specific attributes such as, for TMDs, the extent of pain-free jaw opening and its measurement do not exist separate from the generic or person level. Consequently, that Mackie and colleagues demonstrate the importance of clinical features for improving the algorithmic classification of TMJ OA is not surprising but, at the same time, is a critically important contribution to the principles necessary for an empirical taxonomy that encompasses the complexity of TMDs.




3 Discussion


3.1 Systems biology

Taken together, Mackie et al. and Reed et al. provide a pivotal set of findings supporting the current and increasingly used umbrella term for TMDs as a complex disease. A key feature of complex diseases is an intrinsic non-linearity between extent of a contributing mechanism and the output from that mechanism, where the non-linearity is a function of multi-level factors, reciprocal causation or dynamic feedback, phase transitions, or any combination (15, 16). Chronic pain disorders exhibit all of these mechanisms for non-linearity, and processes such as perceived stress contribute to the disorders in a complex manner that is typically idiosyncratic to the individual. Clearly, considering TMDs as complex diseases points to the limits of structure alone for classification. This is particularly true when the structure-based disease processes are intrinsically tied into other systems, for example, behavior and the effects of nociception (and pain) on the self (17).

The mounting evidence for the critical role of pain-related comorbidities, perhaps first expressed by Livingston (18) and subsequently expanded on by numerous studies (19–25) supporting risk for incidence, transition to chronic, and reciprocal causation within chronic pain states, highlights the tension between what is local for a given disorder, vs. what is generic or global to the person. That tension, in turn, reflects the clinical challenge of determining when peripheral findings related to a chronic pain disorder warrant direct forms of therapy, in contrast to a shift to central forms of therapy (26). Chronic pain is seldom accompanied by any evidence of local tissue problems sufficient to support inflammatory pain or nociceptive pain (27). This well-established observation is tempered by the potential presence of nociceptive drive that can continue to subserve sensitization and the full expression of pain processing (28). Moreover, such sensitization following tissue healing may readily represent the sufficient foci for inflammatory nociception—just not from the peripheral tissue (29). When should treatment for a local complaint not actually be local but rather focused on a mechanism related to pain with no evidential tissue damage? This question frames a current conundrum in how to balance attention to a complaint as perceived by the patient vs. clear directions emerging from good science. The findings from Mackie et al, in particular, point strongly towards an even more fundamental role of central mechanisms for classification of OA, vis-à-vis the clinical variables of headaches, muscle soreness, and pain-free mouth opening and their likely connections to the different parts of pain processing.

One further idea worth exploring, particularly in light of the importance of non-linear processes, is where, aside from pain processing, biology might meet “psychology” or, better, behavior in relation to TMJ pathophysiology and restoration of normal function. Any compromise to normal joint function—for example as mediated by early OA or problems in the disc-condylar relationship during mandibular movement—can be further exacerbated by the expectation of the individual that the joint should function normally. Sports injuries to a joint are perhaps the prototype for where expectation for recovery (and too-early resumption of athletic behaviors) often exceeds actual recovery and leads to impaired healing and delayed recovery (30–32). The well-established dysfunctional pattern of decreased behaviors described in the fear-avoidance model is countered by this behavioral pattern, no less dysfunctional, of increased behaviors based on unrealistic expectation of quick return of normal function in a joint. Expectation for normal functioning likely exerts its effects via top-down processing, affecting both behavioral activation as well as sensory processing (33). A better balance in the expectations of the functional capacity of an injured or compromised joint can affect, for example, outcomes after surgical interventions (34). New treatments for joint disease, as proposed by Reed et al., should not neglect the patient's psychological status. This is because it can have a significant impact on their behavior, which can either aid or hinder their rehabilitation. It is worth noting that clinicians who manage patients with musculoskeletal problems are now being taught to pay attention to both physical rehabilitation and mental attunement in the patient, especially in the TMD field (35).



3.2 Advancing the science

The manuscripts selected for our collection offer a perspective on the development of novel diagnostic and treatment science for clinical TMD context. Machine-learning algorithms can be optimized by incorporating both biological and pain-relevant data as early markers of disease; subsequent decision-making steps have the potential to improve prediction of TMJ OA progression and severity. And the responsiveness of TMJ OA to a novel therapeutic extracellular target, NG2/CSPG4, may ultimately be a function of better clinical phenotyping. While both studies show great potential to move the field forward, major questions persist on how diagnostic and therapeutic tools can offer superior outcomes compared to current clinical standards and provide substantial benefit in patient care.

The report by NASEM defined crucial steps needed to improve TMD care and research directions (1). One important consensus in the report is to match advances in science to clinical needs using a patient-centered perspective. However, for that, TMD science also has to better embrace patients' outcomes to provide solid evidence of safety and effectiveness in the long term (36). Some options include developing identified data elements and technological platforms that facilitate the standardization and analysis of large data that capture clinical, laboratory, and patient-generated data in an integrated ecosystem (37, 38), including the adoption of wearable and mobile technologies (39, 40). In addition, there is a need for the corresponding use of appropriate analysis methods for what can become multivariate within-person time-series data (41, 42) that will achieve better understanding of the chronic pain disorder as a process occurring within the patient's life (43, 44). Combining holistic approaches and precise data analysis with artificial intelligence from multiple teams will facilitate evidence-based science to reach more accurate diagnoses, successful treatment outcomes, and fewer mistakes in TMD practice. To accomplish that goal, however, the many implementation barriers to the actual collection of the necessary multi-dimensional data in the clinic will need to be addressed (45).



3.3 Future directions

Committed resources are needed to eliminate silos in basic and translational TMD research and bridge our discoveries with the clinic. Targeted governmental and foundational funding opportunities are approaches that could bolster these research efforts. One example might be a basic, interdisciplinary research initiative with a unique emphasis on interplay of temporomandibular pain and joint biomechanics. Another possibility would be a two-phase design and implementation program of a best practices approach to TMD treatments based on current basic, clinical, and behavioral discoveries in TMD-related research. We can envision an ongoing interprofessional educational seminar series in professional schools and continuing education programs providing up-to-date guidance on the changes in TMD clinical guidelines and standards of care as TMD research uncovers new knowledge about these disorders.

One final up-beat comment; we note that leadership at the National Institute of Dental and Craniofacial Research (NIDCR) at the National Institutes of Health (NIH) in the United States has developed an initiative is the TMD Collaborative for Improving Patient-Centered Translational Research (TMD IMPACT). This initiative aims to establish a national, interdisciplinary trans-NIH patient-centered collaboration to advance TMD basic and clinical research, research training, and translation to evidence-based treatments and improved clinical care. While this is a United States-based activity, TMD researchers in other countries note the same needs for their settings (46–48).

In summary, the statistics underlying these three published manuscripts highlight two important messages. One, there are many excellent laboratories involved with pain research but whether their research can help advance TMD knowledge remains unknown. And two, notwithstanding these excellent contributions, we believe that the research infrastructure for TMDs needs substantial support and improvement from universities and funding agencies in order to expand to the level needed for true advancement in this field.
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