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Introduction
Temporomandibular joint (TMJ) disorders are very common, 
with over 70% of the population reporting signs or symptoms 
(Scrivani et al. 2008). Fifteen percent of TMJ disorder (TMD) 
cases present as aggressive disease that is recalcitrant to thera-
pies and lead to the development of chronic centralized pain, 
making TMDs the second most common musculoskeletal pain 
condition (National Institute of Dental and Craniofacial 
Research [NIDCR] 2014). Since nomenclature and terminol-
ogy of TMJ disorders overlap and are used interchangeably, it 
is helpful to establish common terms. Internal TMJ derange-
ment is defined by articular disc displacement (Fig. 1), pain, 
and joint dysfunction. Degenerative joint disease of the TMJ 
can occur secondary to internal derangement of the disc 
(Tanaka et al. 2008). Using the Diagnostic Criteria for 
Temporomandibular Disorders (DC/TMD) for clinical and 
research taxonomy, degenerative joint disease is “a degenera-
tive disorder involving the joint characterized by deterioration 
of articular tissue with concomitant osseous changes in the 
condyle and/or articular eminence” (Schiffman et al. 2014).

Osteoarthritis (OA) describes joint degeneration with syno-
vitis, cartilage degeneration, and subchondral bone remodeling 

(Fig. 1) along with joint pain (Wang et al. 2015). For TMJ dis-
ease, findings of condylar degeneration and disc displacement 
often occur without pain, and most patients experience brief 
pain and dysfunction (Scrivani et al. 2008). For example, ante-
riorly displaced discs are found in 20% of healthy, asymptom-
atic individuals (Haiter-Neto et al. 2002). In mild and transient 
pain, conservative medical management has favorable out-
comes (NIDCR 2014). However, for some patients with a 
recalcitrant clinical course, adaptive mechanisms fail without 
any pathophysiological reason (Tanaka et al. 2008; Harper  
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Abstract
Temporomandibular joint (TMJ) osteoarthritis (OA) is a degenerative disease of the joint that can produce persistent orofacial pain 
as well as functional and structural changes to its bone, cartilage, and ligaments. Despite advances in the clinical utility and reliability 
of the Diagnostic Criteria for Temporomandibular Disorders, clinical tools inadequately predict which patients will develop chronic 
TMJ pain and degeneration, limiting clinical management. The challenges of managing and treating TMJ OA are due, in part, to a limited 
understanding of the mechanisms contributing to the development and maintenance of TMJ pain. OA is initiated by multiple factors, 
including injury, aging, abnormal joint mechanics, and atypical joint shape, which can produce microtrauma, remodeling of joint tissues, 
and synovial inflammation. TMJ microtrauma and remodeling can increase expression of cytokines, chemokines, and catabolic factors 
that damage synovial tissues and can activate free nerve endings in the joint. Although studies have separately investigated inflammation-
driven orofacial pain, acute activity of the trigeminal nerve, or TMJ tissue degeneration and/or damage, the temporal mechanistic factors 
leading to chronic TMJ pain are undefined. Limited understanding of the interaction between degeneration, intra-articular chemical 
factors, and pain has further restricted the development of targeted, disease-modifying drugs to help patients avoid long-term pain and 
invasive procedures, like TMJ replacement. A range of animal models captures features of intra-articular inflammation, joint overloading, 
and tissue damage. Although those models traditionally measure peripheral sensitivity as a surrogate for pain, recent studies recognize 
the brain’s role in integrating, modulating, and interpreting nociceptive inputs in the TMJ, particularly in light of psychosocial influences 
on TMJ pain. The articular and neural contributors to TMJ pain, imaging modalities with clinical potential to identify TMJ OA early, and 
future directions for clinical management of TMJ OA are reviewed in the context of evidence in the field.
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et al. 2016), complicating effective 
management of TMJ disorders. 
Because the pathophysiology of pro-
gressive TMJ OA, joint degenera-
tion, and pain is not well understood, 
and since imaging modalities do not 
correlate well with symptoms (Koh 
et al. 2009), their clinical manage-
ment is limited and complicated. 
Also, psychosocial (axis II) condi-
tions affect TMJ pain (Schiffman et 
al. 2014; Harper et al. 2016), compli-
cating the development and utility of 
animal models to study these condi-
tions. This review summarizes cur-
rent clinical approaches for diagnosis 
and treatment of TMJ OA, along with 
OA and pain pathophysiology. Based 
on clinical challenges in understand-
ing this disease, the review discusses 
new evidence from animal models of 
TMJ OA to inform emerging clinical 
approaches in diagnostic imaging 
and intervention.

Clinical Perspective and 
Research
Although there are advances in the clini-
cal utility and reliability of the DC/
TMD, concerns remain about its clinical 
use (Steenks et al. 2018) (Appendix 
Table I). Challenges remain in the 
examination and accurate diagnosis of 
patients with temporomandibular disor-
ders, including differentiating myofas-
cial and intra-articular etiologies of pain 
and dysfunction (Okeson 2018). 
Despite difficulty distinguishing differ-
ent TMJ pain etiologies, initial treatment for myofascial TMJ dis-
orders or OA is similar and involves exhausting reversible, 
noninvasive interventions. Second-line therapies for patients with 
refractory symptoms require confirming a primary muscular or articu-
lar etiology of pain or dysfunction (Liu and Steinkeler 2013).

The American Society of Tempo romandibular Joint Sur-
geons advocates using the Wilkes classification in clinical 
studies of surgical interventions in TMJ degeneration. That 
system encompasses patient pain reports, disc position, and 
condylar degeneration to grade internal joint derangement 
from early stage anterior disc displacement without pain to 
late-stage disc perforation and bone changes with episodic or 
continuous pain (Liu and Steinkeler 2013). Although staging 
internal TMJ derangement is useful to ensure surgical studies 
compare similar anatomic degeneration, disc position as the 
primary driver of disease progression and pain has been ques-
tioned (Koh et al. 2009). Increasing evidence supports changes 
in the TMJ microenvironment as associated with progressive 

osteoarthritis, dysfunction, and pain regardless of disc position 
(Wang et al. 2015; Kellesarian et al. 2016).

Nonsteroidal anti-inflammatory drugs (NSAIDs) have the 
strongest clinical evidence for pain relief with TMJ degenera-
tion. A prospective blinded placebo-controlled study showed 
naproxen (500 mg twice daily) on a standing schedule for 6 wk 
improved pain and function compared to celecoxib or placebo 
(Ta and Dionne 2004). Physical therapy and occlusal splints 
are also suggested before surgery or other irreversible thera-
pies (Liu and Steinkeler 2013). Although outside this scope, it 
is worth noting that their low side effect profile is attractive. 
Minimally invasive procedures like arthrocentesis or 
arthroscopic lysis and lavage should be used before consider-
ing open surgery and demonstrate improved pain and function. 
Although effective, it is unclear whether there is additional ben-
efit with intra-articular steroid or hyaluronic acid injections 
over lavage (Bouloux et al. 2017). Considerable controversy 
remains about arthroplasty for TMJ degeneration, including 

Figure 1.  MRI and arthroscopic imaging are clinical tools that can identify structural changes in the 
TMJ as well as synovial inflammation. T1-weighted magnetic resonance imaging (MRI) of a normal 
temporomandibular joint (TMJ) in the (A) closed position with the yellow arrow marking the transition 
between the disc and retrodiscal tissues and (B) open position in which the disc is over the condyle. 
(C) A T2 MRI of a TMJ with condylar degeneration, showing an anteriorly displaced disc and joint 
effusion. Arthroscopic images of (D) normal-appearing TMJ anatomy in the anterior recess of the 
joint and (E) with local synovial inflammation/synovitis (arrow). Images D and E courtesy of Dr. Helen 
Giannakopoulos.
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disc salvage procedures compared to disc removal procedures 
with or without autogenous grafting. Only a small percentage 
of patients progresses to open procedures, which should be 
reserved for end-stage disease after all nonreversible options 
are exhausted. For patients with severe condylar degeneration, 
dysfunction, and pain, alloplastic joint replacement may be 
effective (Wolford et al. 2015).

Osteoarthritis Pain
OA is the most common joint pathology affecting the TMJ and is 
characterized by cartilage deterioration, inflammation, dysfunc-
tional joint remodeling, and pain (Tanaka et al. 2008) (Fig. 1). 
Since these key features are shared across different synovial joints 
with OA (Tonge et al. 2014; Sperry, Ita, et al. 2017), the broader 
literature provides mechanistic insights into joint degeneration 
and disability. OA is initiated by multiple factors, including injury, 
aging, abnormal joint mechanics, and atypical joint shape (Loeser 
et al. 2012). Their combination can produce microtrauma, func-
tional tissue remodeling, and variable degrees of synovial inflam-
mation (Tanaka et al. 2008; Loeser et al. 2012).

Synovial, chondrocytic, and inflammatory cells in the joint 
express and respond to inflammatory cytokines (Miller et al. 
2014). Tumor necrosis factor α (TNFα) is one of the earliest and 
most ubiquitously expressed cytokines in OA (Miller et al. 
2014). TNFα both activates osteoclasts (Wu et al. 2012) and can 
directly stimulate nociceptors (Durham et al. 2017), making it a 
key mediator of both joint damage and pain. Cytokines also 
influence the cartilage microenvironment by dysregulating 
hypoxia inducible factors (HIFs) (Yang et al. 2010), which 

maintain normal chondrocyte function (Mino-
Oka et al. 2017) but activate destructive path-
ways when absent or highly upregulated. 
Increased HIF2α leads to cartilage destruction 
through catabolic pathways (Yang et al. 2010). 
Vascular endothelial growth factor (VEGF) and 
matrix metalloproteinases (MMPs) are also 
upregulated in OA through HIF1α-mediated 
pathways (Loeser et al. 2012), leading to atypi-
cal vasculature growth and extracellular matrix 
dissolution in the cartilage (Shen et al. 2015; 
Hamilton et al. 2016). Tissue catabolism and 
extracellular matrix breakdown can produce 
further inflammation by recruiting macro-
phages (Tanaka et al. 2008). Similar to TNFα, 
VEGF, MMPs, and downstream effectors like 
nerve growth factor (NGF) are associated with 
sensory neuron hyperexcitability (Kras et al. 
2015; Hamilton et al. 2016). Because peripheral 
hyperexcitability is modulated at multiple ana-
tomic sites (Sessle 2011), effects of peripheral 
sensitizers are described in the following 
section.

Unlike OA in other joints, premenopausal 
females are disproportionately affected by 
TMJ dysfunction, reporting jaw pain at twice 
the rate of males (Lipton et al. 1993) and seek-

ing care at 3 to 9 times that of males (Scrivani et al. 2008). In 
contrast, symptomatic knee OA is only slightly higher in 
females (Lawrence et al. 2008) than males (10%) (Dillon et al. 
2006). Estrogen receptors, particularly on the TMJ disc and 
articular cartilage, are hypothesized to be associated with TMJ 
pain and destruction. Although TMJ dysfunction is associated 
with increased estrogen receptors in human TMJs with painful 
degeneration (Abubaker et al. 1993), cell signaling differences 
in the central nervous system (CNS) also have been proposed 
as an explanation of more pain (Rosen et al. 2017).

Neural Processing of TMJ Pain

Peripheral Innervation and Trigeminal Ganglia

The TMJ contains numerous free nerve endings, many of which 
are nociceptors connected to small-diameter A-delta or C-fibers 
activated by noxious inflammatory or injurious inputs (Sessle 
1999). The joint capsule, articular disc, and periosteal bone are 
most densely innervated and contain nerve fibers immunoreac-
tive for the neuropeptides substance P and calcitonin gene-related 
peptide (CGRP) (Kido et al. 1993). Although TMJ condyle fibro-
cartilage is not innervated, cartilage damage can activate noci-
ceptors when macrophages and mast cells release chemical 
mediators (i.e., bradykinin, TNFα, prostaglandin E

2
, NGF) 

(Sessle 2011; Loeser et al. 2012; Kellesarian et al. 2016). In some 
cases, repeated activation of nerve endings by damage-induced 
cytokines, chemokines, and neurotrophic factors causes periph-
eral sensitization (Okamoto et al. 2003; Durham et al. 2017). 
Peripheral sensitization decreases the activation threshold of 
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Figure 2. Nociceptive signals are detected by nerve endings in the temporomandibular 
joint (TMJ) and sent to neuron cell bodies in the trigeminal ganglion, which express 
neuropeptides like nerve growth factor (NGF) (green) and substance P (magenta) when 
activated. Those first-order neurons synapse with second-order neurons (purple) in the 
spinal trigeminal nucleus caudalis (Sp5C) of the brainstem. From there, nociceptive signals 
are transmitted to third-order neurons (green) and other higher-order brain centers, like 
the ventral medioposterior (VPM) of thalamus, where they are integrated and interpreted 
for pain sensation. BS, brainstem; CN5, cranial nerve 5; TG, trigeminal ganglion.
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nociceptors and can induce pain, even for typically nonnoxious 
joint motions (Scrivani et al. 2008; Sekiguchi et al. 2016).

Nerve fibers from TMJ tissues coalesce to form the auricu-
lotemporal nerve, a branch of the mandibular nerve (V3; third 
branch of trigeminal nerve). The mandibular nerve relays to 
the trigeminal ganglion (Fig. 2), where the first-order, unipolar 
neurons are, and is a site of nociceptive processing and modu-
lation (Okeson 2004). Stimulation by inflammation can acti-
vate the satellite glial cells and release inflammatory mediators 
and neuropeptides that further excite trigeminal ganglion neu-
rons (Takeda et al. 2007; Villa et al. 2010). Substance P and 
NGF are commonly identified in trigeminal neurons and can 
sensitize nociceptive-specific and wide dynamic range neurons 
(Fig. 2) (Sessle 2011). The central branch of the unipolar neu-
ron synapses with secondary neurons in the spinal trigeminal 
nucleus (Fig. 2), which extends through the brainstem from the 
upper cervical spinal cord to the midbrain.

Trigeminal Nucleus

Nociceptive signals from the TMJ are further modulated at the 
trigeminal nucleus. Nociceptive neurons are primarily located 
in the superficial layers of the dorsal trigeminal nucleus cauda-
lis (Sp5C) (Takeshita et al. 2001), which spans from the caudal 
medulla to the C2 spinal cord (Fig. 2). Inflammatory and neu-
ropathic sensitization in the TMJ activates microglia in the tri-
geminal nucleus, which release proinflammatory cytokines 
that regulate synaptic pain transmission (Villa et al. 2010) both 
acutely by direct interaction with ion channels and persistently 
by altering gene transcription and protein expression (Miller  
et al. 2014). In acute pain conditions that resolve, excitation is 
temporary and signaling returns to baseline after stimulus 
removal (Takeshita et al. 2001; Okamoto et al. 2003). In TMJ 
pain, a loss of GABAergic inhibitory neurons increases pain 
and neuronal activity in the Sp5C (Puri et al. 2012). TMJ pain 
patients exhibit reduced gray matter at the trigeminal nucleus 
and altered diffusivity properties in the trigeminal tract (Wilcox 
et al. 2015); structural alterations along the trigeminal axons 
and at synapses in the Sp5C nucleus may contribute to aberrant 
signaling by trigeminal nociceptive neurons. Altered signaling 
at the trigeminal nucleus can also be propagated to higher pro-
cessing sites and modify brain activity (Youssef et al. 2014).

Brain

The brain integrates, modulates, and interprets neuronal inputs. 
Sensory signals travel from the trigeminal nucleus to the thala-
mus, with most connections in the ventral medioposterior 
(VPM) region (Fig. 2) (Upadhyay et al. 2008), which inte-
grates and propagates information to cortical and subcortical 
brain regions (Malfait and Schnitzer 2013). Glia in the VPM 
can also become activated and modulate brain signaling via 
neuroexcitatory signals (Milligan and Watkins 2009; Sessle 
2011). Thalamic neurons project to the prefrontal cortex, 
somatosensory cortex, and hypothalamus (Farmer et al. 2012; 
Kucyi and Davis 2017).

Rodent studies of trigeminal inflammatory pain suggest that 
central sensitization—enhanced function of nociceptive neurons 

and circuits due to increased neuronal membrane excitability 
and heightened synaptic efficiency—produces widespread 
changes in the somatosensory network (Latremoliere and 
Woolf 2009; Spisák et al. 2016). The anterior cingulate cortex, 
an affective brain region responsible for emotion, decision 
making, and impulse control, exhibits increased activity and 
connectivity with the somatosensory cortex after TMJ inflam-
mation (Spisák et al. 2016). Similarly, TMJ disorder patients 
exhibit increased anterior cingulate and somatosensory corti-
ces activity (Youssef et al. 2014; Harper et al. 2016). The 
involvement of sensory and affective brain regions in chronic 
pain aligns with clinical observations that sensory and psycho-
social factors contribute to TMJ OA pain (Scrivani et al. 2008; 
Schiffman et al. 2014). Psychological traits, like anxiety and 
depression, overlap with centralized pain in TMJ disorders, 
which may be due to similar neurotransmitter dysfunction 
(Harper et al. 2016).

Measuring the affective component of pain is challenging 
and relies primarily on patient reports but is being combined 
with emerging neuroimaging techniques to predict chronic 
pain development (Vachon-Presseau et al. 2016). Studies in 
rodents frequently measure withdrawal thresholds to stimuli as 
quantitative pain measurements (Nicoll et al. 2010; Villa et al. 
2010; Wang et al. 2012; Kartha et al. 2016); yet, that does not 
capture spontaneous pain. Increasingly, facial grimace scales 
are employed to estimate affective pain (Langford et al. 2010; 
Sotocinal et al. 2011; Philips et al. 2016). The Rat Grimace 
Scale (RGS) detects orofacial pain within 3 h after an initial 
jaw-loading exposure, lasting for up to 24 h after loading is 
stopped (Fig. 3), suggesting that sustained, affective orofacial 
pain is evident. RGS is a useful new tool for translational 
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Figure 3. The Rat Grimace Scale (RGS) is increased over baseline 
levels at day 1, which is 3 h after temporomandibular joint (TMJ) loading 
(*P = 0.003), and at day 7, which is 24 h after the cessation of daily TMJ 
loading (#P = 0.026) (comparison between baseline and each day by a 
1-way analysis of variance). The examples of typical rat faces reflecting 
the corresponding RGS scoring are above each time point.



392 Journal of Dental Research 98(4) 

research of the affective components of chronic pain, particu-
larly in animal models (Sperry et al. 2018). Although animal 
models of TMJ and OA pain are limited, they provide plat-
forms to investigate biological mechanisms of joint degenera-
tion and pain.

Animal Models of TMJ Disorders

Experimental models of TMJ pain define causative factors in 
OA progression, joint pathology, and pain symptoms and 
attempt to replicate any/all of the mechanical loading, inflam-
matory conditions, and tissue damage observed in degenera-
tive TMJs (Scrivani et al. 2008; Tanaka et al. 2008). Models 
simulate either the symptoms or signs of TMJ pain and degen-
eration using chemical and inflammatory agents, surgical 
manipulation, or mechanical TMJ loading.

Despite having heterogeneous etiologies, since TMJ disor-
ders share the common traits of inflammation and pain, induc-
ing inflammation enables studying its effects on the TMJ 
tissues and cells (Shen et al. 2015) and on pain signaling (Iwata 
et al. 1999; Bereiter et al. 2005; Tashiro et al. 2009). Intra-
articular injection of inflammatory or catabolic agents, like 
proinflammatory cytokines or collagenase, promotes OA and 
chemically simulates microdamage (Kawai et al. 2000; Wang 
et al. 2012). Within 1 to 6 wk, inflammation upregulates 
expression of inflammatory and catabolic proteins (HIFs, 
TNFα, VEGF, MMPs) in chondrocytes, alters the normally 
organized cartilage structure, and eventually causes resorption 
of the subchondral bone (Kawai et al. 2000; Shen et al. 2015; 
reviewed by Wang et al. 2015). TMJ inflammation also 
enhances excitability of trigeminal neurons in the C2 junction 
of the brainstem and spinal cord (Bereiter et al. 2005) and 
alters brain connectivity in the somatosensory and anterior cin-
gulate regions (Spisák et al. 2016), similar to changes in 
humans with chronic TMJ disorder (Youssef et al. 2014; 
Wilcox et al. 2015).

Inflammatory models also enable studying direct effects of 
immune cells and cytokines on the TMJ (Kuroki et al. 2011; 
Wang et al. 2012), as well as the role of glia pain (Villa et al. 
2010). For example, VEGF activates osteoclasts, which initi-
ates OA through destruction of the subchondral bone matrix in 
the mouse (Shen et al. 2015). However, the artificial inflamma-
tory condition does not accurately model the early stages of 
TMJ pathology that typically includes articular surface micro-
damage, limiting understanding of TMJ disorder mechanisms. 
Clinical analyses hypothesize that tissue microtrauma from 
parafunctional loading can damage the collagen networks and 
alter the synovial microenvironment (Okeson 2004). In fact, 
several animal models simulate the mechanical loading lead-
ing to microtrauma from disc derangement or parafunctional 
habits like bruxism or clenching (Nicoll et al. 2010; Embree et 
al. 2015; Kartha et al. 2016).

Surgical methods altering TMJ kinematics and stability 
model the derangement and displacement of the condyle/disc 
complex. For example, severing the discal attachments with 
anterior disc displacement has been used in rabbits (Ali and 

Sharawy 1994) and disc perforation and scraping of the condy-
lar surface in sheep (Kim et al. 2001). Similar to human disc 
displacement, surgical models produce neovascularization of 
the TMJ disc, osteoarthritic condylar changes (Ali and Sharawy 
1994), erosion, and osteophyte formation (Kim et al. 2001). 
However, those interventions produce severe trauma that is 
unlikely in clinical TMJ disorder. A less extreme surgical pro-
cedure, the small punch disc biopsy (Embree et al. 2015), 
induces pathology more closely replicating that in humans. 
Both condylar cartilage degeneration and disc heterotopic 
bone formation occur in a rabbit disc perforation model of TMJ 
disease (Embree et al. 2016). A small punch biopsy, restricted 
to the inferior layers of the disc in minipigs, similarly induces 
cartilage degeneration, which can be repaired using a tissue-
engineered disc implant (Vapniarsky et al. 2018). Although 
disc punch biopsies and perforation induce OA paralleling the 
human condition, surgical models artificially damage the joint.

Repeated mechanical TMJ loading recapitulates clinically 
observed parafunctional habits or disc dislocations that alter 
normal loading (Okeson 2004). Light loads (<0.49 N) to the rat 
TMJ produce cartilage thickening (Zhang et al. 2015; Utreja  
et al. 2016), suggesting adaptive remodeling. Conversely, 
forces above that magnitude applied over multiple days induce 
cartilage damage, decreased proteoglycan expression, and 
chondrocyte apoptosis (Zhang et al. 2015; Zhang et al. 2017). 
Sustained loading to the rat TMJ by a sliding plate at the inci-
sors induces condylar cartilage degeneration, increases HIF1α, 
and activates osteoclasts (Shirakura et al. 2010). Although 
these models share characteristics with clinical TMJ OA, the 
relationship between loading and pain is not addressed.

A noninvasive OA pain model was developed by applying 
mouth opening to the rat TMJ (Nicoll et al. 2010). In that 
model, the mandible is stationary and the maxilla is held open 
by 2-N and 3.5-N force separately, applied for 1 h/d for 7 d 
(Nicoll et al. 2010; Kartha et al. 2016). Both loads produce 
behavioral sensitivity during the loading phase; however, sen-
sitivity only persists for 3.5 N (Kartha et al. 2016) (Fig. 4). 
Interestingly, the 3.5-N load induces similar sensitivity as does 
intra-articular injection of the inflammatory stimulus, com-
plete Freund’s adjuvant (CFA), remaining sensitive for at least 
7 d after loading cessation (Fig. 4). In fact, TMJ sensitivity is 
detectable until day 27 (20 d after loading stops) (Fig. 4B), 
demonstrating that joint overloading produces sustained 
peripheral sensitivity, possibly due to TMJ changes and/or 
altered signaling in the trigeminal nerve. The similar profiles 
between loading and inflammatory models suggest they may 
induce similar molecular mediators and/or structural changes.

Signs of hypoxic damage (increased HIF1α/HIF2α) and 
inflammation (increased TNFα) are evident with the persis-
tently painful 3.5-N, but not the transiently painful 2-N, load-
ing (Kartha et al. 2016; Sperry, Moody, et al. 2017), suggesting 
that OA-like changes are induced early and only when persis-
tent pain develops. Histology at day 15 reveals moderate 
osteoarthritic pathology by Mankin scoring but little change 
from normal in the transiently painful (2-N) group (Sperry  
et al. 2018). Functional overloading also produces signs of 
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subchondral bone erosion at day 15, particularly in the poste-
rior region of the condyle (Fig. 5). Similar flattening, osteo-
phytes, and cortical thickening are also evident in a patient 
undergoing joint replacement surgery (Fig. 5). Despite these 
shared OA characteristics, the human TMJ has a much finer 
trabecular structure that extends further down the condyle, 
whereas the rat’s TMJ trabeculae are denser and restricted to 
the mandibular head (Fig. 5). Because the articular eminence 
is more prominent in the human, the anterior condyle also 
experiences greater tissue-on-tissue contact during jaw open-
ing, which may produce different patterns of osteophyte out-
growth (Fig. 5) (Scrivani et al. 2008). Although loading 
models replicate the repeated microtrauma that is observed 
clinically, the ambiguity of applied loads and required repeated 
exposures restricts their translational ability. Furthermore, the 
role of muscles is not well defined, and jaw mechanics vary 
between species (Liu and Herring 2000; Herring 2003).

Imaging in Painful TMJ Osteoarthritis
The most useful and widely used clinical screening tool for the 
TMJ is the panoramic radiograph or panorex (Scrivani et al. 
2008). However, it is rarely used to evaluate complex pathol-
ogy due to its poor reliability and sensitivity for detecting osse-
ous changes (Ahmad et al. 2009). Computed tomography (CT) 
is the preferred diagnostic modality, providing excellent reso-
lution of joint OA (Ahmad et al. 2009) (Fig. 6A). Cone-beam 
CT (CBCT) provides more detailed images at lower radiation 
doses, with similar levels of detail to that achieved in the rat 
using the MILabs ultra-focus CT protocol (Fig. 6B), and has 
high diagnostic accuracy for TMJ bone changes (Ma et al. 
2016). Although CT provides anatomical detail, it can only 
detect calcified tissues and does not provide information about 
soft tissues—the cartilage, disc, and ligaments—that are 
important in OA.

Magnetic resonance imaging (MRI) can visualize soft tissues 
and identifies altered disc position and effusion. MRI provides a 
useful platform for evaluating the morphology and location of 
the articular disc in both open- and closed-mouth positions. Disc 
location is crucial since a displaced disc is a sign of disc derange-
ment, which can progress to microtrauma and OA if not treated. 
Although MRI has become the imaging modality of choice for 
identifying TMJ soft tissue pathology, it is not without incidental 
findings; 20% of asymptomatic volunteers have positive find-
ings of anterior disc displacement (Haiter-Neto et al. 2002). 
Advances in MRI may distinguish precise anatomical features 
and detect pathological processes earlier.

Nuclear medicine techniques that image active metabolic 
processes show promise for providing early stage clinical 
assessment of active disease. Positron emission tomography 
(PET) with the radioisotope 18F-FDG is taken up by metaboli-
cally active inflammatory cells (Basu et al. 2009). Combined 
with MRI, 18F-FDG PET identified increased uptake in periar-
ticular lesions of patients with active symptoms (Nakamura et 
al. 2007), demonstrating it may be sensitive enough to measure 
low-grade inflammatory conditions. The tracer fluoride-18 
PET is also an option, which is incorporated into the matrix of 

remodeling bone. Fluoride-18 can detect OA in the TMJ (Lee 
et al. 2013) and may be a more sensitive alternative to bone 
scans in detecting arthritic changes in the condyle. TMJ OA is 
also characterized by hypoxia that disrupts cellular homeosta-
sis in the condyle. Using hypoxia-detecting radioactive tracers 
like 18F-EF5 and 18F-FMISO, it may be possible to detect 
active hypoxia in the early stages of TMJ overloading. A pilot 
study in rats with 18F-EF5 detected increases in uptake, accom-
panied by increased HIF1α and HIF2α in the chondrocytes of 
the TMJ after painful loading (Sperry, Moody, et al. 2017), 
suggesting TMJ hypoxia may be an early indicator of pain and 
degeneration. Last, single photon emission computed tomogra-
phy (SPECT) with 99mTc-MDP can detect experimental TMJ 
OA and is a potentially useful clinical tool for its improved 
accuracy and resolution over traditional bone scans (Piscaer et 
al. 2013). Biologic imaging shows active disease before ana-
tomic damage is evident and serves as a novel modality to 
image inflammation and predict the development of chronic 
pain associated with degeneration of the TMJ.

Imaging techniques to visualize the CNS have also emerged 
for understanding mechanisms of pain development and poten-
tially predicting chronic pain (Vachon-Presseau et al. 2016). 
CNS imaging combined with validated algorithms to identify 
predictive features of brain activity and connectivity could 
estimate susceptibility to develop chronic pain based on neuro-
nal hyperexcitability, functional brain networks, or structural 
information.
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Figure 4. Orofacial sensitivity in rats exposed to repeated TMJ 
loading or intraarticular inflammatory injection. (A) The average head 
withdrawal threshold for sham, 2-N loading, 3.5-N loading, and complete 
Freund’s adjuvant (CFA)–injected rats (25 µg CFA in 50 µL saline). 
Except sham controls, all groups have decreased thresholds after the 
first day of loading or inflammatory injection. Reduced thresholds are 
maintained through day 14, except in the 2-N loading group, for which 
the withdrawal thresholds returned to sham levels by day 13 (2-way 
analysis of variance [ANOVA] with day and group as factors; #sham 
versus 2 N, P < 0.001; *sham versus 3.5-N loading or CFA injected, 
P < 0.001). (B) After 3.5-N loading, the head withdrawal threshold 
decreases from baseline through the latest day tested—day 27 (days 
compared by a 1-way ANOVA; all time points compared to baseline, P 
< 0.001).
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Blood oxygen level–dependent functional MRI (BOLD 
fMRI) is used to investigate changes in brain activity, and it is 
sensitive enough to identify brain network and subcircuit altera-
tions in chronic pain (Farmer et al. 2012). In TMJ disease, 
BOLD fMRI measurements suggest that the insular and cingu-
late cortices are both involved in chronic pain experiences 
(Ichesco et al. 2012). Changes in gray matter content of the brain 
and brainstem in TMJ disorder patients also suggest that altera-
tions to the trigeminal and limbic systems occur (Younger et al. 

2010; Wilcox et al. 2015). Quantitative 
arterial spin labeling (qASL) mea-
sures blood flow and identifies 
increases in blood flow to the anterior 
cingulate cortex and the trigeminal 
nucleus (Youssef et al. 2014). PET 
imaging using 18F-FDG can provide 
complementary information (Riedl et 
al. 2014) by measuring cellular 
metabolism concentrated at synapses 
(Fig. 6) (Stoessl 2017). 18F-FDG PET 
has identified plastic changes in brain 
networks in neuropathic pain models 
(Kim et al. 2014) and between chronic 
and acute TMJ pain (Sperry et al. 
2016). Detailed structural imaging of 
the brain by diffusion tensor imaging 
(DTI) (Fig. 6E) could aid in predict-
ing patient outcomes; when combined 
with functional imaging, it can pre-
dict chronic pain development with 
80% to 100% accuracy based on pre-
existing functional and morphologic 
risk factors (Vachon-Presseau et al. 
2016). DTI scans have also identified 
microstructural differences in the tri-
geminal nerve, thalamus, and internal 
capsule in patients with chronic TMJ 
disorder (Moayedi et al. 2012).

Future Directions for 
Clinical Management

Managing temporomandibular dis-
orders includes improved prognostic 
indicators of disease progression, 
biologic solutions for tissue recon-
struction, and disease-modifying 
medications. Profound clinical suc-
cess has been obtained using dis-
ease-modifying medications in 
rheumatologic conditions, which 
highlights potential for disease-
modifying OA medications 
(DMOADs) to treat recalcitrant 
painful TMJ OA disease (Tonge et 

al. 2014). A major obstacle with DMOADs is the small but real 
associated side effects with many cytokine specific medica-
tions—in particular, systemic etanercept presents increased 
risk of infection and/or hematologic cancers, limiting its gen-
eral use in the TMJ OA population (Bongartz et al. 2006). 
Intra-articular DMOADs are particularly promising since they 
focus drug delivery while minimizing systemic exposure. 
Mesenchymal stem cell therapies show promise for the treat-
ment and reconstruction of the TMJ (Salash et al. 2016).
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Summary and Conclusions
TMJ disorders are complex with multiple etiologies, including 
the most common joint pathology, OA. Best clinical practice 
for patients with TMJ OA is pain reduction with NSAIDs and/
or replacement of the degenerative TMJ. The development and 
clinical use of directed DMOADs in TMJ OA is extremely lim-
ited because multiple molecular pathways are disrupted on dif-
ferent timescales, requiring customized therapies. Animal 
models that better replicate both the tissue degeneration and 
pain associated with TMJ OA can help more accurately define 
the mechanisms and timeline of this disease. In addition, com-
bining techniques to measure affective pain and investigate 
brain circuits (e.g., optogenetics, electrophysiology, brain net-
work analysis) in animal models of TMJ OA could provide 
insights into chronic pain maintenance.

Disease-modifying treatments can be challenging to inte-
grate into clinical practice because there are few tools accu-
rately predicting who develops persistent pain and degeneration. 
CT and MRI, the most commonly used imaging modalities in 
patients with TMJ pain, primarily detect late-stage disease, and 
there is frequently poor correspondence between anatomical 
findings and disease progression. New imaging approaches for 
the TMJ focus on function over anatomy, with the goal of 
detecting key features early in disease progression, before per-
manent structural damage and central sensitization occurs.
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