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Abstract
Purpose of Review Manymechanical load-bearing joints of the body are prone to posttraumatic osteoarthritis (PTOA), including
the knee joint and temporomandibular joint (TMJ). Early detection of PTOA can be beneficial in prevention or alleviating further
progression of the disease.
Recent Findings Various mouse models, similar to those used in development of novel diagnosis strategies for early stages of
OA, have been proposed to study early PTOA. While many studies have focused on OA and PTOA in the knee joint, early
diagnostic methods for OA and PTOA of the TMJ are still not well established. Previously, we showed that fluorescent near-
infrared imaging can diagnose inflammation and cartilage damage in mouse models of knee PTOA. Here we propose that the
same approach can be used for early diagnosis of TMJ-PTOA.
Summary In this review, we present a brief overview of PTOA, application of relevant mouse models, current imaging methods
available to examine TMJ-PTOA, and the prospects of near-infrared optical imaging to diagnose early-stage TMJ-OA.
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Introduction

Articular cartilage is a smooth layer of connective tissue pres-
ent at the diarthrodial surfaces of joints such as the knee, hip,
and temporomandibular joints [1•, 2–4]. Arthritis is a

degenerative chronic disorder that causes damage to articular
cartilage and surrounding tissues in joints.

The early diagnosis and treatment of osteoarthritis (OA) is
a key factor in preventing the degradation of cartilage and
subsequent lack of joint movement [5]. However, understand-
ing the etiology of OA is vital for development of an effective
diagnostic method. One of the extensively studied synovial
joints is the knee joint as it undergoes continuous bone remod-
eling and cartilage maintenance during the normal course of
mechanical loading from daily activities [6].

Similar to the knee joint, the temporomandibular joint
(TMJ) bears comparable mechanical loading and hence un-
dergoes similar degenerative processes [7–11]. It is notewor-
thy that PTOA of TMJ (TMJ-PTOA) varies in reported prev-
alence due to different criteria used for diagnosis [12–14].
TMJ-PTOA can occur either unilaterally or bilaterally and is
more commonly reported in women than men [15–17].
Gonadal hormones have been associated with differences in
pain perception, and the female hormone estrogen may in-
crease sensitivity to pain in women. In support of this hypoth-
esis, estrogen receptor polymorphisms have been correlated
with different levels of pain in TMJ-OA in women [18]. TMJ-
PTOA is generally recognized after the onset of pain and due
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to this reason only about 3–7% of patients seek medical atten-
tion, after considerable damage to the cartilage of TMJ has
already developed [19, 20]. Thus, it is of utmost importance to
diagnose TMJ-PTOA in early stages before the onset of symp-
tomatic pain.

Different imaging modalities that are used to diagnose
TMJ-PTOA include panoramic radiographs, arthrography,
TMJ tomograms, ultrasonography, radionuclide examina-
tion, cone beam computer tomography (CBCT), and mag-
netic resonance imaging (MRI). In this report, we are
reviewing the current technology in orthopedic research
for the PTOA knee joint with the purpose of translating
the applications to the TMJ. We present a brief overview
of TMJ and the imaging techniques available to diagnose
TMJ-PTOA. Moreover, prospects of developing more sen-
sitive imaging techniques to detect TMJ-PTOA at an early
stage are suggested.

Posttraumatic Osteoarthritis in Knee Joint

The type of OA that occurs after injury or insult to an
already affected joint is known as “posttraumatic OA
(PTOA)” [21, 22]. It has been estimated that knee OA is
most common in women over the age of 60 with a preva-
lence of about 14–42% [23]. In the USA, 12% of all OA
cases fall under the category of PTOA. This percentage is
likely to increase due to current lack of diagnosis following
a traumatic injury [24]. It should be emphasized that trau-
ma increases the risk of developing knee OA 5-fold com-
pared with a 1.7-fold increased risk due to obesity, which
is considered a major risk factor [25–27]. Moreover, joints
are more prone to develop PTOA due to trauma affecting
joint tissues in addition to cartilage, such as ligaments and
menisci [25, 28]. For instance, 50–70% of patients with
either anterior cruciate ligament (ACL) or meniscal dam-
age develop PTOA 10–15 years post-injury [28–31].

The annual health-care cost of PTOA in the USA was
estimated to be 3 billion USD in 2006 [24]. The expected
cost of a patient is 13 thousand USD only for the operative
procedure and hospital stay [32–34]. Indirect costs, such as
disability and reduced work productivity, are excluded
from these estimates. Furthermore, PTOA is common in
young adults after injury, increasing the duration of dis-
ability and resulting in higher economic cost [35]. In addi-
tion, the cost of managing PTOA in individuals who de-
velop this complication after injury is greater than those
who do not develop OA due to an injury [36]. Thus, the
issue of high health-care cost associated with PTOA needs
urgent attention. It is vital to develop advanced diagnostic
methods to detect early-stage PTOA that will aid in reduc-
ing the economic cost of PTOA treatment.

Mouse Models of PTOA in Knee Joint

PTOA mouse models serve as excellent candidates to mimic
the changes occurring in human joints after an injury [37].
Five criteria (Table 1) have been set forth to establish an “ide-
al” animal model of OA [38••, 39]:

To date, there is no mouse model of OA that may be
regarded as “ideal.” However, multiple mouse models have
been suggested to approximately mimic PTOA in humans.
Two types of PTOA mouse models are broadly accepted:
(A) Invasive models that are established by either surgical
or chemical means, and (B) non-invasive models that are
developed by the application of mechanical load without
disrupting the joint integrity. Here we shall briefly review
the non-invasive models.

Non-invasive PTOA Mouse Models

Non-invasive mouse models are more appropriate than in-
vasive models to study the early stages of PTOA [38••].
First, the injuries produced by non-invasive techniques
progress in the same manner and time frames as human
injury [40]. This is important in the development of diag-
nostic and therapeutic strategies for early stages of OA that
can either help in impeding or inhibiting the PTOA.
Furthermore, non-invasive models exhibit damage to the
structural components of the joints that are reflective of
injury due to mechanical stress in humans. In addition,
these types of models are simple, easy to implement, and
require less technical expertise in comparison to the inva-
sive models. These features minimize intra-sample varia-
tion, making the non-invasive animal models close to
ideal.

Table 1 Modified criteria to establish an “ideal” animal model of OA

1. The induced disease should be consistent and reproducible, occurring
in an appropriate time frame to conduct logically sound
high-throughput studies.

2. The induced disease should be progressive during a time frame that
allows early, mid and late pathophysiology and treatment effects to be
studied.

3. The animal should be a mammalian species that is manageable,
low-cost, and easily housed. The animal should be of a size to permit
multiple analyses/outcome measures and should allow molecular
analyses, such as genome wide micro-array analysis and proteomic
analysis, sequencing etc.

4. The disease progression in the animal should reflect the human
pathology in all tissues of the articulating joint.

5. The model should predict therapeutic disease modification in humans.
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Fracture of Tibial Plateau

The first non-invasive model, introduced in 2007, is based on
intra-articular fracture (IAF) of the proximal tibia [41]. This
model mimics high-impact force traumatic injuries in humans
such as those occurring during frontal automobile collisions.
The blunt impact to articular cartilage causes fragmentation of
articular surfaces, fracture of subchondral bone, joint displace-
ment, and leakage of blood and marrow into the joint space.
To mimic blunt trauma in C57BL/6 mice, articular fracture of
the tibial plateau was induced by first positioning the lower
limb at approximately 90° flexion in a custom-made cradle.
Subsequently, a 10 N compressive preload was applied to the
proximal tibia using a mounted wedge-shaped indenter to a
target compressive force of 55 N at a rate of 20 N/s [36, 38••].

A shortcoming of this model is that it cannot be used to
study low-impact non-contact injuries that generally lead to
PTOA such as anterior cruciate ligament (ACL) rupture or
meniscus tear. Moreover, the fracture severity varies between
samples and hence, cautions are needed to include possible
variables into the analysis. Even with allowances for fracture
severity, variability of this model serves as a limitation of this
method [38••].

Cyclic Compression of Tibia

Cyclic compression of the tibia is the most common non-
invasive method of PTOA [42]. Oscillatory loading is applied
to the hind limbs such that loads are transmitted through the
articular joint, resulting in damage to the cartilage tissue. The
first model was introduced by Poulet and his colleagues in
CBA mice by applying a 9 N compressive load every 10 s
with a total of 40 cycles for each loading sequence. The load-
ing was performed three days per week [43].

The first and foremost benefit of the cyclic compression
model is its adjustability to study the course of OA develop-
ment [38••]. The severity of joint degradation can be con-
trolled by altering either the compressive force or loading
time. Nonetheless, the severity achieved through this model
is always mild, making this model an ideal method of choice
to study the course of OA occurring at a very early stage.
Furthermore, the reproducibility of this model is high, with
little variation among the individual animals. In addition, the
data obtained after the application of cyclic compression is a
direct consequence of the mechanical loading. This helps in
determining the exact impact of mechanical loading on the
joint, rather than secondary factors causing the joint damage
such as in fracture of the tibial plateau [44]. We evaluated this
model in different strains of mice and found that the reproduc-
ibility of mild cartilage damage remains consistent with little
to no variation among the individual animals (data not
shown).

ACL Rupture Model

This model utilizes the feature of rupturing the ACL by over-
compression of the tibia [45]. This procedure mimics an acute
injury model and can be used to observe the changes associ-
ated with ACL rupture in humans. The model was constructed
in 10-week-old C57BL/6 mice by application of a single com-
pressive target force of 12 N with a loading rate of 1 mm/s.
Injury can be noted as an audible click when the compressive
load is released [38••]. Similar to cyclic compression of the
tibia, the results obtained from this model are reproducible
with a predictable feature of joint degeneration.

Temporomandibular Joint

The inferior articular surfaces of the TMJ are formed by the
mandibular condyle and the superior surfaces by the glenoid
fossa or mandibular fossa as well as articular eminence of the
temporal bone [46, 47]. It has morphological features similar
to other synovial joints, including articular disks, articular sur-
faces, fibrous joint capsules, synovial fluid, synovial mem-
branes, and ligaments. As such, TMJ is essentially a hinge
joint al lowing backward and forward movement
translationally in addition to a gliding motion.

The unique feature that distinguishes TMJ from other sy-
novial joints is the presence of strong fibrocartilage instead of
the weaker hyaline cartilage at the articular surface. The pri-
mary difference between hyaline and fibrocartilage is the high
content of either collagen type II (Col2) or collagen type I
(Col1), respectively [48]. This compositional difference gives
rise to numerous dense collagen fibers on the articular surfaces
of TMJ rather than the less dense hyaline cartilage [49]. In
addition, the amount of Col1 in the mandibular condyle is less
compared to the other synovial joints [50]. Furthermore, the
cartilage of the mandibular condyle is a secondary cartilage
and is derived from cranial neural crest (CNC) cells [51–53].

Mouse Models of TMJ-PTOA

Animal models of TMJ-PTOA are similar to other PTOA
models and include both invasive and non-invasive tech-
niques. The invasive models of PTOA are either surgically
or chemically induced while the non-invasive methods are
mechanically induced [54]. The choice of method depends
on the outcome under consideration. Chemically induced
models can help to study pain, surgically induced models help
to study degenerative changes, and mechanically loaded
models help to study structural and functional changes [55].
Only the non-invasive mechanical models will be discussed
here.
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Non-invasive Mouse Models of TMJ-PTOA

Three mouse models of TMJ mechanical loading have been
introduced [56]. Of these, the altered functional loading and
mastication-based models are less invasive than the forced
mouth opening model.

Altered Functional Loading Model

An altered functional loadingmodel results from feedingmice a
soft pellet diet and trimming their incisors every other day for
4–6 weeks. This contrasts with loading control animals that are
fed a standard hard pellet diet without incisor trimming [57].
The decreased load in the experimental animals resulted in
reduced thickness of the TMJ articular cartilage. Furthermore,
analysis of mRNA levels showed that expression of SRY-box
containing gene 9 (Sox9) and Col2 genes decreased. The re-
duced expression of Col2 in the altered mechanical loading
group was also observed by immunolabelling. It is well
established that SOX9 directly regulates the expression of
Col2 [58]. Therefore, the results of this study suggest that al-
tered mechanical loading through trimming of incisors and a
soft diet can produce significant changes in the TMJ cartilage.

Mastication-Based Model

This model was established in mice by inserting a unilateral
anterior crossbite prosthesis and varying the size of food pel-
lets in the diet [59]. Use of the prosthesis increased demands
on the TMJ duringmastication. The animals with the prosthet-
ic device that had been given a large pellet diet showed

hypocellularity, loss of proteoglycans, and decreased expres-
sion of Col2 at the 3-week follow-up compared to those with
the prosthesis and small pellet diet.

Forced Mouth Opening Model

This mouse model is based upon continuous opening of the
mouth in anesthetized animals for 1 h a day up to 5 days [60].
Examination of this model tested a hypothesis that forced
mouth opening would cause increased anabolism in the con-
dyles of mandibular cartilage. A force of 0.5 N resulted in
increased expression of Sox9 and Col2 genes with a concom-
itant increase in the thickness of subchondral bone. Further
application of this model in transgenic mouse lines expressing
fluorescent reporters under control of collagen gene promoters
demonstrated increased expression of Col1, Col2, and Col10
genes in the cartilage of the TMJ [61]. These results indicate
that loading of TMJ by forced mouth opening causes remod-
eling of TMJ to balance the changes due to altered mechanical
loading. Figure 1 illustrates the use of this technique to test the
impact of rebamipide (a gastroprotective agent) on cartilage
degeneration in TMJ-OA [62].

Imaging Modalities for TMJ-PTOA

Abnormalities in the TMJ can be visualized using both inva-
sive and non-invasive techniques. Here we introduce a brief
description of the techniques available to examine and diag-
nose TMJ-PTOA.

Fig. 1 Establishing a TMJ-OA model. The TMJs of C57BL/6 WT mice
were subjected to jaw-opening devices that were applied to the
interincisal teeth to hold the mandible in the maximal opened position.
The mechanical stress was applied for 3 h per day for 5 days. Mice in the
rebamipide treatment groups received the drug for 4 weeks. Mice were

under general anesthesia during the procedure. Somnopentyl was
administered via intraperitoneal route at a concentration of 50 mg/kg to
induce anesthesia [62–64]. Note: This figure was modified/adapted from
“Izawa T. et. al, 2016, PLoSOne, 11(4):e0154107 E.” and Tanaka et al. J
Dent Res 87(4):296–307, 2008
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X-ray Examination

Radiographic examination of the TMJ has been a method
of choice for decades [65, 66]. Although this technique is
cost-effective and provides lower radiation exposure than
some imaging modalities, it cannot deliver the three-
dimensional detail of more advanced methods. Some au-
thors have even argued that standard X-ray at times did not
correlate with the clinical features of the disease [67]. Yet,
to date X-ray examination is still being used in clinics
owing to advances in panoramic projection. However, the
morphology of bone may appear blurred due to the sur-
rounding tissues [68]. In addition, radiography is not a
suitable method to examine the non-bony structures such
as the cartilage tissue. Further disadvantages of radio-
graphs include lack of information on joint effusions and

superimposed images of structures. In spite of its limita-
tions, conventional X-ray is often useful as an initial tech-
nique in examination of the TMJ.

Arthrography

The arthrography technique is an invasive method to ex-
amine the TMJ that was introduced in clinics in 1970 [69].
This method entails injection of a radiopaque contrast
agent into the TMJ with the aid of an arthroscope.
Analysis depends on the manner in which the contrast
agent flows into the joint. Furthermore, there is a risk of
allergic reaction, infection, and radiation to the patient due
to the use of the contrast reagent. This technique has now
been abrogated due to the introduction of MRI [12].

Fig. 2 Schematic diagram of antibody-targeted nanosome binding onto
damaged cartilage in a post-traumatic osteoarthritis (PTOA) mouse
model. Shown in the graphical abstract is a schematic diagram of our
targeted nanosomes in a PTOA mouse model (PEG: polyethylene
glycol). Cupped loading cells engage the distal femur on top and the
ankle below. A force of 9 N is applied sinusoidally at 0.07 Hz for
40 cycles. The targeted nanosome technology can simultaneously be

used for early detection of cartilage damage in the knee joint. This
imaging technique can also detect inflammation in the TMJ using an
IVIS imaging system (left picture in lower panel). (Red line indicates
current application and red dot line indicates future application). Note:
This figure was modified/adapted from “Cho et al. 2015 Nanomedicine:
NBM, 11:939-946”
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Computerized Tomography

The CT method is useful in examining both bone and soft
tissues of the TMJ. CT is used to diagnose fractures of con-
dyles, disc dislocation, ankylosis, erosions, infection, tumors,
congenital anomalies, and degeneration of bone [68, 70]. CT
is more likely to be recommended if pathology of bone is
suspected through MRI. Thus, CT has some advantages over
MRI in terms of acquiring bone details and three-dimensional
(3D) evaluation of traumatic injury, congenital problems, and
postsurgical examination [12].

Magnetic Resonance Imaging

The power of MRI lies in the fact that it provides high-
resolution images and high tissue contrast with an addi-
tional benefit of no side effects. MRI also provides detailed
anatomical and functional details of the TMJ in both open
and closed mouths [19]. The accuracy of MRI has been
found to be 60–100% in examining bone degeneration
and 73–95% in assessment of disc d is loca t ion .
Additionally, MRI can reveal the pathology of other soft
tissues such as that of chewing muscles [68]. In contrast to
radiographs, MRI changes seem to correlate with the clin-
ical symptoms of TMJ-OA [71–73]. However, the use of
MRI has been inhibited by the high cost, and detection of
TMJ disorders at an early stage of the disease is still a
challenge.

Ultrasound

The use of ultrasound is without doubt the least expensive
modality, is easy to perform, and is a readily available
technique for examination of the TMJ. This technique
can be used to evaluate joint effusion, cartilage tissue,
and disk displacement. Furthermore, this technique can
be performed in real time, allowing examinations during
mouth movement. However, despite its numerous advan-
tages, ultrasonography cannot be used solely to diagnose
TMJ-PTOA due to the limitation in distinguishing disk
displacement with or without reduction [70].

Target-Specific Near-Infrared Imaging
of TMJ-PTOA (Fig. 2)

More recently, the use of near-infrared optical imaging
has become a notable method for detecting joint damage
[74]. We and others have shown that using either fluores-
cent probes or targeted nanosomes (nano-sized liposomes)
that are guided by monoclonal antibodies specific for the
markers of cartilage damage can help in the diagnosis of
damaged cartilage tissue surfaces [42, 75]. We have

developed specific methodology using in vivo image
scanning (IVIS) that can detect either inflammation or
cartilage damage in arthritic joints [76]. For instance,
targeted nanosomes may carry monoclonal antibodies that
can detect exposed type II collagen on the surface of the
cartilage. In this way, nanosomes can either deliver a de-
tection probe or a therapeutic drug to the damaged sur-
face. The advantage of this technique is its excellent ca-
pability to detect OA at an early stage [77, 78••].

In a similar manner, we expect that the IVIS imaging
approach can be used with or without targeted nanosomes
to detect inflammatory changes and cartilage damage at the
early stages of TMJ-PTOA. In our preliminary examina-
tion, we have already observed changes in the cartilage
tissue of OA associated with arthritic mice (Fig. 2). We
hypothesize that more specific targeted nanosomes gener-
ated against the cartilage tissue of TMJ will aid detection
of early-stage TMJ-PTOA. As a result, TMJ-PTOA can be
identified before the onset of pain symptoms, which helps
prevent the tissue degeneration at the TMJ. In addition, this
technique comes with the benefit of being easy to apply in
clinics with minimal side effects.

Conclusion

The current diagnostic measures available to detect TMJ-
PTOA, in spite of their many advantages, have a common
limitation of not detecting OA at its early stages. Many
mouse models that mimic various clinical cases of knee
OA have been developed, but there are limited models
and diagnostic techniques that can detect TMJ-PTOA at
an early stage. In this aspect, we suggest applying the
IVIS method by developing either targeted nanosomes or
using fluorescence probes to detect the pathological chang-
es that occur at an early stage of TMJ-PTOA. Once such an
approach is established, it easily could be translated into
clinical settings both for diagnostic and therapeutic
purposes.
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