was consisted of the translation movement in upper compartment and the rotation unit in
the lower compartment. The translation is between the TMJ disc and the temporal bone
while the rotation unit is between the condyle bone and the TMJ disc. The rotation
component can be further decomposed into three Cardan-Euler angle sequences of flexion-
extension, adduction-abduction, and axial rotation around the local coordinate system built
on the fossa bone so that it is able to determine the rotation angles of the mandible bone in
three orthogonal planes. Because of independency property of the three Cardan-Euler
angles, the decomposition has twelve possible rotation sequences and the sequence of XYZ
is most commonly used.

The joint coordinate system (JCS) with a floating axis is well-known in the
biomechanics field for its capability to express joint angle with clinical, anatomical and
functional meaning [267-270]. In this expression, one coordinate axis from each of the two
original segment coordinate systems is extracted to construct two coordinate axes of the
new JCS. These two coordinate axes are called body fixed axes. The third coordinate axis
is the cross product of these two extracted coordinate axes of the new JCS. The third
constructed axis is called floating axis. It should be noted, however, that the wo extracted
coordinate axes of the new JCS are not necessarily perpendicular to each other and that the
new JCS is not an orthogonal coordinate system. Based on this definition, the joint flexion-
extension, abduction-adduction, and external-internal rotations are defined. The
relationship between the JCS and Euler angle is that the JCS corresponds to Euler XYZ
sequence of flexion-extension, abduction-adduction, and external-internal rotation

provided only the tibial is moving relative to the stationary femur as the reference frame
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[267, 268, 271]. This method, intuitive to clinician and physicians, has been implemented
in various software, including the commercial Visual3D (C-Motion, Inc. Germantown,
USA and the biomechZoo [272]. However, one of the challenges is to standardize the
selection sequence of the body segment coordinate system although it was stated that the
method was sequence independent [267] and the choice of the reference point on each body
segment so that a coherent diagnosis could be achieved. The distinct selection of the
reference points will result in inconsistence in interpretation and diagnosis [268, 271]. To
this end, much effort has been documented to improve this method so that it could be
applied in various human joints and that the results could be comparable among studies in
the past decades [268-270]. The application of this method to describe the mandibular
movement was reported [273].

The correct and accurate determination of AoR is crucial in both the biomechanical
field and the clinical field. The correct determination of the functional center of rotation
(CoR) in the 2D or 3D joint motion and the instantaneous axis of rotation (AoR) in the 3D
joint motion is fundamental to establish a set of reliable joint motion parameters and build
up a subject specific diagnosis based on the identification of the abnormal subtle motion
factors. The determination of AoR or CoR to the joint anatomy provides the mean joint
center or hinge axis. The AoR or CoR information could be used for joint functional
assessment.

In biomechanics, the AoR or CoR variables could also be used for the
muscle/ligament efficacy evaluation since the AoR or CoR is the functional lever arm for

the masticatory muscles and ligaments. In clinical field, the Aor or CoR provides the way
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to evaluate surgical results and the application of surgical stents or splint for optimal
implant guidance [274]. Accurate determination of AoR is relevant for dental articulator
design and prosthesis [33]. An accurately designed articulator representing the functional
mandibular movement will help the dentist and technician to precisely evaluate oral
function and restore after surgery. The determination of AoR is also necessary for the
orthognathic and orthodontics surgery procedure planning and evaluation [33, 209, 275-
277]. The degree of the AoR discrepancy between the simulated or computed AoR and the
actual patient AoR during the mandibular movement, especially when the opposing teeth
are about to contact, is the major impact factor contributing to the failure in osteotomies
surgery, prosthesis design, and splint device construction [32, 34, 35, 276, 277]. For
instance, it was graphically demonstrated [276] that the molar mesial-buccal cusp moved
to a different point in real situation rather than the expected location in the articulator. The
inconsistence magnitude due to the inaccuracy of the articulator was quantified. It was
demonstrated that both the incisal and molar occlusion errors linearly increased with the
misalignment of the articulator rotation center to the assumed mandibular rotation center.
It was showed in [278] that there was notable error in the maxillary position after surgery
if the AoR was inappropriately calculated. In addition, the application of AoR to predict
the mandibular autorotation after surgery is also reported [277, 279, 280]. The mandible
will move or autorotate to a new position after surgery. It usually takes some time for the
autorotation to complete the autorotation process and the AoR prediction helps shorten this

surgery time. However, it is necessary to accurately locate the AoR position.
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The accurate, patient-specific, objective and non-invasive diagnosis based on the
analysis joint motion requires that the CoR or AoR determination is sensitive to the
individual subtle motion pattern so that the subject-specific kinematics irregularity
patterns, such as AoR inclination relative to the condyle mediolateral poles, distance to the
condyle pole, ratio of translation to rotation, and axis distribution dispersion, in patients
can be captured. The reproducibility and irregularities of the CoR or AoR calculated from
the screw axis were evaluated [281] for the diagnosis and surgical treatment plan for 113
subjects including 42 malocclusion patients without muscle pain and 15 malocclusion
patients with muscle pain. It was found that the AoR was more concentrated around normal
position in the control subjects than the patients with TMJ muscle pain. It was found that
the mandibular fixed hinge axis was more abnormally distributed in patients and the
distribution was improved after therapy [282]. On the other hand, it was observed that the
AOR range of 4.1 mm for a patient with DDnR was smaller than the normal range of 5.6
mm [283]. However, the AoR range of 24 mm for a patient with DDwWR was significantly
larger than the normal range.

In addition, the difference in muscle activation will be expressed by the variation
of the joint AoR properties. The inaccurate evaluation of the AoR and CoR inevitably
results in imprecise estimation of the kinematics, force, moment arms and moments of the
joint muscles, leading to faulty interpretation and risky diagnosis. In clinical application,
the incorrect determination of the AoR will cause the severe errors in surgery [279]. The
AOR has been used for the calculation of muscle moments by determining the lever arm

and functional assessment of masticatory muscles. The joint muscle moments of two
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methods were compared [284]: one was from the stationary hinge axis by connecting the
condylar lateral pole and the condylar medial pole while the other was from the
instantaneous AoR from the Reuleaux technique, at mouth rest position and the mouth
normal opening position of 18°. The muscles included masseter muscle, anterior temporalis
muscle, posterior temporalis muscle and the medial pterygoid muscle. At rest position, it
was found that the moment arm of the instantaneous AoR was 1.76 times as large as that
of the fixed hinge axis. Consequently, the total moment significantly differed between the
two methods. Also, it was found that the muscle contribution varied a lot between the rest
potion and the opening position when instantaneous AoR was adopted. For instance, the
role of the masseter muscle and the medial pterygoid muscle reduced when the mouth
activity change from the rest to the opening position. However, little increase of the muscle
contribution of the masseter muscle and the medial pterygoid muscle was found from the
rest potion to the opening position when fixed hinge axis was employed, contradicting the
known function of these masticatory muscles. Therefore, to obtain correct analysis results,
it was recommended to use the instantaneous AoR. The limitation of this study was that
the muscle force was set to a constant value and did not change with respect to the muscle
length.

Two major CoR and AoR determination methods, the kinematics constraints-based
transformation method and the marker trajectory-based fitting method, have been reported
and reviewed in the investigation of synovial joints kinematics. Most of these methods are

introduced to reduce the limitation of the motion artifacts from the skin-bone relative
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movement which is estimated to range from a few millimeters to about 40 mm [285] and
could be reduced in the TMJ movement study by the current available technologies.

The first type of AoR detection methods, the rigid body transformation method, is
based on solving kinematics constraints includes the helical axis method, the Schwartz
approach [286] and the symmetrical AoR approach [287] or the symmetrical CoR
estimation approach [288]. The helical axis theory is the most widely used method although
it has several limitations. For instance, the tracked motion trajectory must be smoothed to
remove artifacts before the calculation since the helical axis is quite sensitive to the small
angle of rotation or the pure translation. However, the smoothing will probably remove the
motion irregularities which is crucial for the identification of abnormal joint movement. In
addition, the determination of an appropriate helical angle interval is vital for the precise
computation of the position and direction of the helical variables. It is well-known that the
appropriate time interval is necessary for the determination of the average velocity
determination over a joint movement: a long-time interval will ignore the detailed path of
the motion trajectories and thus result in incorrect results, while a short-time interval will
lead to extremely high velocity probably due to the noise instead of the true joint motion
displacement. The choice of helical angle interval is similar to the that of the time interval.
The helical axis method is usually used as the reference method to which the new methods
are compared. The International Society of Biomechanics recommended the use of the
helical axis method for accurate locating the CoR of ball joint and the AoR of hinge joint
[269, 270]. According to the helical axis theory, the spatial rigid body movement could

always be considered as a combination of a rotation around an AoR and a translation along
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that same AoR (Figure 9). This rotation axis is also referred as the helical axis, screw axis
or twist axis. When the joint movement is studied at infinitely small time-intervals, the
helical axis is continuous in time domain and rotation axis is said to be instantaneous helical
axis. However, if the joint movement is calculated at finite time intervals, only limited
number of helical axes will be extracted. The rotation axis will be called as finite helical
axis (FHA) or mean helical axis (MHA).

Position 1 Position 2

,L #c

€ p B

Figure 9. The rigid body movement around the helical axis (HA).
The rigid box ABCD in the figure moves from position 1 to position 2. The movement
contains both rotation and translation. An imaginary HA may be constructed to describe
this movement. The rigid body movement can be decomposed into the translation along
the HA, and the rotation around the HA. The blue component is the translation vector,
while the red arrow the rotation around the helical axis. Modified from reference [289]
The second type of AoR detection methods, the trajectory fitting method, assumes
that the trajectory of markers at any two successive steps is of circular shape to determine
the hinge axis in the knee or finger joint and that the trajectory is of spherical shape to
determine the ball-socket rotation center in the hip or glenohumeral joint. The Reuleaux

method originally described in [290] was the most intuitive fitting method in 2D
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kinematics. The procedure is shown in [283] Figure 10: two landmarks (point A and point
D) are selected and the displacements of these two landmarks when the segment is moving
are plotted as the chords of the trajectory circles. The perpendicular bisector lines to these
chords are then drawn. These two perpendicular bisector lines intersect at a point which is

identified as the center of rotation. More recent details about this method could be found
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Figure 10. The Reuleaux technique for determining the axis of rotation.

A rigid body moves from the initial position (position 1) to the positions 2 (red color) and
3 (blue color). Each of the upper corners of the square move along colored circular paths
around a given center. Modified from reference [283]

Based on the Reuleaux method, a method of minimizing the sum of all
displacements to find the rotation axis for the hinge joint was described [292]. The author
compared the results of this new method with the results from the FHA method. It was

found that the new method had improved rotation axis position estimation when the notable
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skin movement presented. It was also observed that the new method was not so good as
the FHA method in the rigid body movement. It was found that the performance of the
method [292] heavily depended on the appropriate selection of the time interval [293]. The
calculated AoR angle error increased with the reduce of the frame distance. A closed-form
solution of the CoR for the hip joint and the AoR for the knee joint was found [293]. The
limitations for the fitting method was that it introduced and dramatically magnified the
estimation error caused by the measurement noise. It was reported that the estimation error
was more than 40 times the measured point coordinates errors [291]. In addition, it does
not take the rigid body nature of the segment movement into consideration.

The systematic assessment of these CoR or AoR methods through the computer
mathematical model simulation [287, 288], the mechanical analog device simulation [294],
in vivo shoulder joint experiment [295], and in vivo knee experiment [296] are also
reported.

On one hand, the rigid body transformation method is reported to surpass the fitting
method. The performance of a list of eleven CoR estimation methods [288] and seven AoR
estimation methods [287] were compared. It was found that only the Schwartz approach
[286] and the symmetrical AoR or CoR method did not require the movement
transformation of one segment into the coordinate system of the other segment to
compensate the effect of the second segment movement. The innovation of the symmetrical
AoR or CoR method over the traditional helical axis is that the influence of the skin
movement artifacts could be reduced without the requirement of the transformation. It was

also found that the geometric sphere or axis fitting method outperformed other methods in
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CoR estimation and that the symmetrical CoR method shared the same formula with the
FHA method when one segment was in the stationary state. However, the symmetrical CoR
method was the optimal method with least CoR estimation error and the estimation error
of the FHA method was extremely close to that of the symmetrical CoR method when both
connection segments of the ball joint were moving. A later combination of the symmetrical
AoR and the symmetrical CoR method, with the name of the OSSCA method, enhanced
the reliability of the joint center and axis estimation [297]. The major purpose of the three
symmetrical methods and the Schwartz approach is to minimize the impact of the skin
movement artifacts on the transformation. Moreover, these methods are built for
calculating a relatively concentrated AoR or CoR which is stationary in the segment local
coordinate system and not suitable for the calculation of the discretely distributed
instantaneous AoRs or CoRs moving relative to both the global coordinate system and the
segment coordinate system during the segment movement.

One the other hand, it was also reported that the fitting method outperformed the
rigid body transformation method in the AoR estimation. The hip joint center estimation
of two fitting methods and two rigid body transformation methods with the same reference
coordinate system were compared [298]. It was found that the sphere fitting methods had
better performance than the rigid body transformation methods.

In TMJ kinematics field, the 2D mandibular CoR of the mandible movement is
majorly determined using the Reuleaux method or fitting method [277, 283, 299, 300]
while the 3D AoR parameters is determined using the helical axis method [18, 281, 289,

301-303]. The FHA parameters describing the mandibular movement is shown in Figure
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11. The xy-plane is the horizontal plane. The xz-plane is the sagittal plane. The yz plane is
the coronal plane. The dcp parameter is the distance from condyle reference point to the
FHA axis. The variables xq and z4 are the components of dcp along the coordinate system.
T is the translation of the mandible along the FHA axis. 0x and 6, are the components of
the FHA rotation. Finally, the rotation angle around the helical axis is expressed using ®©
but it is not shown in Figure 11.

The mandibular axis of rotation was also simplified to 2D using a dimeric link chain
method [304]. Although 2D motion description is simplified, it loses the motion
information in other planes and the correlation among the motion in these planes. It is also
possible to miss the abnormal mandibular movement in other planes. In addition to these
methods, terminal hinge axis between the condyle latera poles was also widely used [282].
However, this concept of the fixed hinge axis contradicts the real mandibular movement of
both translation and rotation [305], leading to serious errors in the Le Fort | osteotomy
surgery [279]. This hinge axis should move around with respect to the mandible anatomy.
Finally, there is kinematic center describing the mandibular movement [306, 307], which
was found not to be associated with the TMJ anatomy or the intraarticular space [308] and,
therefore, its usage is limited.

There is little consensus regarding the location of the AoR in literature. Some of
the reported AoR position relative to the condyle center are listed in the Table 6 in the

radiograph or the cephalometric condyle pole through the clinical palpation method.
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ace

Figure 11. Definition of mandibular FHA parameters in 3D space.

X-axis is the anteroposterior direction, y-axis is the mediolateral direction, and z-axis is
the superior-inferior direction. (a) The dcp parameter is the distance from condyle
reference point to the FHA axis. The variables xq and z4 are the components of dcp along
the coordinate system. T is the translation of the mandible along the FHA axis. (b) 6x and
0, are the components of the FHA rotation. Modified from reference [18]
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Table 6. AoR determination method and its location.

Avrticle Method Location relative to the condylar pole

[29, 31, 309] Tracing Condyle summit

[279] Reuleaux 5.0 mm posteriorly, 14.9 mm inferiorly with 10 m
opening

[280] Reuleaux Mastoid process region

32 mm posteriorly, 28 mm inferiorly
[32] Reuleaux 2.5 mm posteriorly, 19.55 mm inferiorly
[230, 310] Fixed hinge axis Condylar center
[311] Geometric fitting ~ Condylar center
[301] Helical axis 4.7 mm (anteriorly) to 27.6 mm (posteriorly)
12.4 to 43.7 mm inferiorly
during the whole maximum opening process
[18] Helical axis normal TMJs: 5 to 28 mm (anteriorly), 12 mm
(superiorly) to 44 mm (inferiorly)
clicking joints: 33 mm (anteriorly) to 58 mm
(posteriorly), 12 mm (superiorly) to 63 mm

(inferiorly)
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In summary, ROM analysis provides the border movement information of any
mandibular point for the clinical diagnosis and the ligament and muscle length change
during the mandibular movement for the dynamics study. However, ROM analysis has low
repeatability among different studies because of the cross-talk effect risks: a small change
of the choice in reference coordinate system would apparently cause appreciable difference
[312], giving rise to the misinterpretation and inconsistent diagnosis. In addition, ROM
analysis study the movement of one or several chosen points and the results of ROM
analysis severely depend on the choice of the reference point. Lower diagnostic results
would be possible depending on the selection of the reference point on TMJ [313-315]. To
reproduce the same diagnostic results, the exact same coordinate system and reference
point must be picked up with extreme caution among different researches. Compared to
ROM analysis, FHA describes the comprehensive rigid body movement and elucidates
how the motion of incisor is correlated to the mandibular movement. Furthermore, FHA is
not dependent on the choice of reference point and the selection of reference plane. Finally,
FHA is not affected by the body size and thus normalization is not required. However,
FHA obtains less advocacy in clinical settings because it does not always correspond to an
anatomical location. Therefore, the relative position and orientation of FHA with respect
to the reference condyle points and the anatomical reference system is usually computed.

In addition to the previously described Euler angle-based ROM analysis and FHA
method, a third kinematics description approach exists in clinical use: the projected angle.
The projected angles method simplifies the motion analysis procedure by projecting the

movement into three interested 2D planes. This 2D planar analysis is intuitive to and can
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be easily accepted by the clinicians. However, it is not reliable and incorrect since the
kinematics results largely depend on the choose of the reference frame [316]. The distinct
definitions of the reference frame will lead to dramatic inter-observer inconsistence [317]
and thus contradicting diagnosis results. In the kinematics of other joints, The relationship
between the 2D frontal plane projection angle and the 3D movement analysis was evaluated
[318] for both the hip joint and the knee joint. It was found that the 2D projected angle
analysis reflected only 23-30% of the 3D movement. It was concluded that the 2D projected
angle analysis could not be used for application with high accuracy requirement.

To employ and extend those techniques into our study and to improve the past
tracking devices, the data collection system and data analysis system will be designed for
the current research. Specifically, the motion study will include both the ROM Euler and
JCS evaluation and the AoR or FHA determination at the normal mouth opening and the
maximum mouth opening. The analysis results of TMJ disorders patient group will be
compared with controls using the statistical method to identify potential risk factors for
TMJ disorders.

Gender difference

The incisor distance during maximum opening was reported to be larger in males
[219, 225, 319]. However, no such findings were reported in other studies [306, 315].

Discrepancy also existed in the mandible rotation during maximum opening. It was
found that male had a significantly larger mandibular sagittal rotation of 37.5° than the

31.4° for the females [225]. However, this conclusion of larger rotation angle for the males
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was not supported by other studies [219, 320-323]. The difference in the subject
composition might explain the discrepancy.

The mandibular condyle center translation also had little agreement in literature. It
was found that the males had significantly larger translation especially in the
anteroposterior direction [225]. However, no significant difference was found in [219].
Again, the subject age distribution and the great group variation might explain the
inconsistence.

Contribution to the following study

Finally, motion study provides indispensable kinematics input for follow-up
contact mechanics, dynamics and disc nutrition diffusion study. For instance, the muscle
length change with respect to motion is fundamental to muscle force computation using
force-length-velocity relations [324, 325]. Motion study also enables the intra-articular
space analysis and thus the determination of disc position during the TMJ movement. The
contact area on TMJ disc calculated from intra-articular space analysis is a necessity for
the joint congruence assessment and the glucose consumption simulation in TMJ disc. It is
believed that the mandibular movement causes the articular surface congruity variation and
thus leads to the stress concentration and articular cartilage damage especially at the crest

portion of the fossa eminence where the joint degeneration is commonly observed [114].

Intra-articular Space Analysis and Shape-based Contact Area

The biconcave shape of the articular disc is conformed to the convex condyle head
and the convex fossa eminence. Therefore, the existence of the biconcave TMJ disc

compensated the TMJ articular surface incongruity between the mandibular condyle and
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the fossa at mouth closed and between the condyle and the articular eminence when the
mouth is opened.
Intra-articular space

In biomechanics field, Intra-articular space distance analysis allows the calculation
of contact area and joint congruency. Based on contact area and joint congruence, joint
stability, articulation surface friction, and contact stress distribution can be estimated. It is
also possible to predict the solute diffusion and nutrition distribution in TMJ disc, the
development of cartilage degeneration and the TMJ pathology [4, 114, 326, 327].For
instance, the decrease of the intra-articular space distance due to excessive open-close,
clench and other parafunctional activities, will increase the intra-articular pressure and
produce the reactive oxidative species that inhibit the biosynthesis of the hyaluronic acid
and cause the hyaluronic acid degradation. The degradation of the hyaluronic acid will lose
its capability to prevent the lysis of the surface-active phospholipid layer, the principal part
of the boundary lubricant, by inhibiting the phospholipase A. [328-330]. The intermittent
oral behavior near or below physiological level promotes the growth, development and
remodeling of TMJ tissues, while excessive pathological loadings lead to irreversible
cartilage and TMJ disc degeneration [83]. Also, the knee joint stability was tested to find
its correlation with the joint congruency in eight autopsy specimens under anteroposterior
and rotatory load [331]. The author compared the joint anteroposterior laxity under
compressive loading, no loading, cutting of tissue structures with compressive loading and
cutting of tissue structures without loading. The author also compared joint rotatory laxity

under compressive loading, no loading, cutting of tissue structures with compressive
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loading and cutting of tissue structures without loading. It was observed that the joint
stability depended largely on the joint soft tissue structures including knee menisci,
ligaments, and capsule. However, under the condition of compressive loading, the joint
stability was more affected by the congruence of the articular surface for both rotation and
anteroposterior movement. Moreover, the dependence of the joint stability on joint
congruence increased with the applied compressive loading.

Clinically, the joint congruence helps to establish the normal physiological
articulation and to identify the abnormality in the pathological state. The vibration sound
analysis due to the joint incongruency was reported [332, 333] and used as a frequent
diagnosis item in the EMG study. The increase in joint congruence promotes stress
distribution within the articular surfaces. The load maldistribution or stress concentration
was believed to contribute to the human joint osteoarthritis [334]. In addition, the abnormal
stress concentration due to the articular surface incongruity led to the degenerative lesions
and was usually found at the crest of articular fossa eminence [88, 114].

Image based analysis

Intraarticular space has been evaluated for the articulating surface distance between
condyle and fossa in images. The TMJ morphological and biometric features on the basis
of CT images was evaluated [169]. A group of 51 symptom-free subjects were recruited
(26 males and 25 females, average age of 42 years from 22 to 77). The eight morphometric
measurement items in the coronal plane and the sagittal plane were obtained. Three
additional indices, including the lateral stability index reflecting the joint stability, the

coverage index indicating the joint constrained condition, the frontal centering index
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indicating the lateromedial shifting degree and the sagittal centering index indicating
condylar anteroposterior position in fossa cap were introduced. The asymmetries of the left
and right TMJs were evaluated for those biometric parameters. The condyle width along
mediolateral direction was 19.34 mm and the left TMJ was significantly wider than the
right TMJ. The fossa width was 22.99 mm. No side difference was detected. It was found
that the male condyle width of 20.7 mm was extensively larger than the female condyle
width of 18.2 mm. The coronal intraarticular space was 2.24 mm laterally, 2.78 mm in the
center and 3.02 mm medially. No remarkable side difference was found in those three
coronal intraarticular spaces. The lateral, central and medial intraarticular spaces varied
remarkably with condyle morphology including flat condyle and convex condyle. The
intraarticular space was exceptionally wider in men in both the sagittal plane and the
coronal plane. The fossa depth was 4.52 mm and the right side TMJ had notably deeper
fossa than the left side TMJ. The lateral stability index was 0.8 and the joint was determined
as stable accordingly. The right TMJ with stability index of 0.83 was much more stable
than the left TMJ with stability index of 0.85. The coverage index was 0.19 and the joint
was unconstrained. The coverage index was found to be extensively affected by condyle
morphology. The convex condyle had a higher coverage index than that of the flat condyle.
The sagittal centering index was 0.9 and the joint was determined as centered joint. The
author concluded that the joint stability should be assessed using lateral stability index on
coronal plane instead of the sagittal plane. More studies have been summarized in the

previous part of “Anatomy and function”.
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In vivo measurement

The in vivo direct measurement of the human TMJ contact area without disrupting
the function integrity has been proven extremely difficult due to its intricate anatomy in an
extremely small region although there are in vivo experiment reports of intra-articular
pressure by inserting needle into articular space of TMJ joint [328, 335, 336] and invasive
in vivo strain and force data of Baboon [337], macaques [338, 339] and miniature pigs
[340-342] using strain gauges and piezoelectric film. In addition, the introduce of
prosthesis will cause harmful corrosion because of its different material properties of with
the condyle bone.
Contact area: contact mechanics

Shape descriptors, including surface curvature, have been broadly applied to
measure the congruence of carpometacarpal joint (CMC joint) articular space. Some
contradicting results were concluded due to the different designs of the study and distinct
analysis methods. The hertz model is the mostly widely used model to evaluate congruence.
By using stereo-photogrammetry to reconstruct the CMC joint articular surface frozen
cadaver hands of eight females and five males, defining the relative principal curvature as
congruence index based on the hertz theory and averaging the principal curvature over the
whole articular surface because of the difficulty to compare the curvature on a point-by-
point basis, it is found that women CMC joints are less incongruent than male joints and
consequently the contact area in women CMC joints will be smaller than that of male joints
under similar joint loading conditions. The smaller contact area in women joints will lead

to higher stress distribution and stress concentration which trigger a cascade of CMC
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pathology pathways to osteoarthritis [343]. However, the elastic half-space perquisite of
the hertz contact theory generally cannot be met in human joints. Based on the winkler
elastic foundation contact model, an elastic layer with thickness of 2 mm to mimic the
cartilage is placed on the solid foundation. By reconstructing the 3D model from CT images
of 34 women and 25 men and applying the elastic foundation contact model, it is found
that there is no gender difference after normalization to joint size and that there is no
significant correlation between joint congruence and the early joint osteoarthritis [327].
Unlike CMC joint, the cartilage thickness of TMJ fossa and condyle is relatively thin. The
contact area of TMJ is comparable to the size of TMJ condyle and fossa. The curvature of
TMJ articular surfaces is relatively large and non-uniformly distributed. Moreover, there
is a deformable and moving soft TMJ disc between the articular bones. The TMJ disc is a
biphasic viscoelastic material and cannot be simplified as a spring as in the elastic
foundation contact theory. The deformation and motion of the TMJ disc also prevents the
application of the elastic foundation contact theory which assumes no interaction between
the elastic units. These inherent geometrical and anatomical properties limit the application
of these contact theories to model TMJ.
Surface congruence in TMJ

Another way of the TMJ joint articular surface congruence estimation is through
the examination of the distances between fossa and condyle surfaces or disc and condyle
surfaces in intra-articular space. To evaluate the congruity of growing TMJs of 52
specimens, the frontal planar distances of 17 points distributed between lateral pole and

medial pole are graphed with respect to their positions [114, 344]. The articular surface
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congruency is normalized by subtracting the 2D mean distance from those 2D distances.
The thickness of the soft tissues of the articular eminence and temporal fossa was uniformly
set to 1.5 mm. In their later study, it was demonstrated that the cause of this surface
incongruity was the shape of the growing articular eminence and that the consequence was
the local stress concentration [116]. It was also found that the one of the disc function as
the media to reduce the condyle-fossa articular surface incongruity was limited.
Stress field in 3D intra-articular space

The studies of joint congruency and contact area in 3D space are possible with 3D
intra articular space analysis [345]. The contact area or stress-field calculation is described
as a circle composed of 10 to 30 minimum distances between condyle and fossa. The radius

of this circle is the standard deviation around the centroid of the stress field (Figure 12).
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Figure 12. Definition of the stress field, or the contact area descriptor I.
(a) The stress field consists of a set of 30 minimum distances between condyle and fossa.
(b) The minimum condyle-fossa distance h is defined as the mean value of those 30
minimal distances. The centroid is center of those 30 minimal distances. The mean radius
a is standard deviation of those 30 minimal distances. The surface congruency determines
the position of the centroid of the stress-field. The peak stress (o) and shape of the stress
distribution curve over the stress-field are dependent on the velocity of translation, as
well as on a and h. Modified from references [345, 346]
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However, the later study [346] (Figure 12) and our preliminary data show that the
shape of the contact area is more like an ellipsoid than a circle. Consequently, the
subsequent contact stress distribution, the work done to cartilage and energy density [85]
might deviate from the previous reports due to the algorithm update of the contact area.
For instance, the ellipsoidal shaped contact data show that the loading area along
mediolateral direction is longer than that of anteroposterior direction, which conforms to
the condyle anatomical features and enables the major stress distribution along long
mediolateral direction. However, should an idealized stress field circle be used to
statistically depict the contact area and remove the eccentric property of the contact area
originated from TMJ anatomy, the condyle and disc would have the same contact area
along any direction and the contact stress would have more distribution along
anteroposterior direction and less distribution along mediolateral direction, leading to
possible stress concentration in conflict with in vivo contact properties and contradicting
the TMJ anatomy [114, 116, 347]. Moreover, the stress field is located out the condylar
anteroposterior anatomical boundary if the standard deviation is too large due to the
elongated condylar shape in that direction, which is a common finding in the
morphometrical measurement TMJ studies. In addition, the increase of the cartilage
pressurization and the tissue fatigue due to localized compression and stress concentration
is ignored. Furthermore, the application analysis of glucose diffusion in TMJ disc may also

be more accurate by improving the contact area calculation. Finally, this method of
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calculating the contact area with joint movement was adopted in the knee joint [348], the
glenohumeral joint [349] and the CMC joint [350] as shown in Table 7.

Table 7. Contact area determination based on distance threshold.

Article Joint Distance (mm)
[351] Human CMC 15

[348, 352] Human knee joint 2

[353] The bovine shoulder joint and knee joint 2

[350] Human CMC 0.25

[349] Human shoulder joint 0.1

Therefore, to extract the contact area based on exact scalar value on each point and
element, this study will split the condyle and fossa articular surface into finite elements and
then calculate the distance on each element and each point. After that, the points with scalar
less than specified value will be located and the area containing these points will be
separated from original fossa and condyle model. In addition, we will compare our
extraction method with the contact area calculation method in literature. Finally, our
previous studies showed that TMJ disc cells had relatively low solute diffusivity while the
cell density was comparatively high, especially in the medial and anterior regions [86, 172,
354, 355]. It was hypothesized that parafunctional activities, including sustained joint
loading due to clench and bruxism, might impede the nutrition transport in the TMJ disc
and expose the TMJ cells to harsh nutrient environment. We will demonstrate the

application of contact area to glucose diffusion simulation with and without parafunctional
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activities (e.g., clenching) in TMJ disc since it is believed that glucose diffusion is the

limiting nutrient for the survival of TMJ cells [4].

TMJ Biomechanics, Tribology, and Transport

Importance

The failure of the Proplast-Teflon TMJ implant from Vitek, Inc. as a management
means to TMJ disorders was reported in [356] and many other surgeons. It was incorrectly
thought that the polyethylene to be suitable for non-load-bearing joints [357].
Consequently, more than 26,000 problematic implants had been administrated even before
the US food and drug administration (FDA) issued the recall [358]. Lesson from the failure
of this TMJ disorder treatment confirmed the necessity to investigate the TMJ
biomechanical environment.
In vivo measurement and simulation

The TMJ loading condition has been investigated using the in vivo measurement
and the computer simulation. In vivo synovial fluid pressure measurement demonstrated
that up to 15 mm Hg pressure was produced in pig TMJ cavity during mastication [359].
The synovial fluid pressure in upper TMJ compartment of 35 TMJs from 35 patients (28
females, 7 males, average age of 31.23 years) was measured [336]. It was found that the
maximum opening produced a negative pressure of -53.82 mm Hg and the clench activities
produced a positive pressure of 63.90 mm Hg. It was also found that females produced
much higher pressure than males (females: 73.70 mm Hg, males: 31.42 mm Hg). Direct
loading measurement in Macaca arctoides using piezoelectric film was reported by [339].

It was found that the force was 13-18 N during incisal biting and 4-13 N during molar
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In conclusion, temporalis EMG was recorded from two diagnostic groups of
women in the laboratory and natural settings and used to develop a computing recognition
algorithm, based on statistical amplitude thresholds that automatically and reliably detected
sustained teeth clenching behaviors. At night, subjects in both diagnostic groups
predominantly used their temporalis muscles for durations less than 4 s and at magnitudes
lower than 10 N. Nocturnal temporalis muscle activities detected by the validated algorithm
were significantly longer per clench by 1.8-fold and recording time by 1.4-fold in +DD+P

compared to -DD-P women.
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CHAPTER FOUR: CASE STUDY OF HUMAN TMJ KINEMATICS - NORMAL
OPEN-CLOSE MOVEMENT

Introduction

Human TMJ kinematics has the clinical role in evaluating TMJ function, planning
pre-surgery treatment sequence and arranging the type of treatments [33], determining the
posttreatment results [29, 31] and assessing the facial profile esthetics.

Previously, it has been quantitatively demonstrated that the motion parameters
varied between pathological and nonpathological population [18, 213]. Two types of rigid
body motion descriptors were widely discussed in literature: the range of motion (ROM)
analysis focusing on one or multiple points attached to the rigid body and the axis of
rotation (AoR) analysis targeting at the whole rigid body motion. AoR included the helical
axis and the instantaneous center of rotation.

The incisor movement range of motion analysis has been adopted in the latest
version of diagnostic criteria for TMJ [1]. The AoR is also defined as the transverse
horizontal axis around which the mandible rotates in the prosthodontic terms. The profound
consequence of erroneous center of rotation axis on the orthognathic surgery was assessed
[32, 33, 276-280]. It was demonstrated, through mathematical model simulation, that there
was discrepancy in the predicted result and the postoperative outcome if the AoR was
incorrectly determined [278].

Biomechanically, the ROM analysis provides information for the dynamics and the
contact mechanics study. For instance, the length change of the action line connecting the
muscle insertion and the muscle origin will provide the critical information for the muscle

modeling in dynamics. Also, The AoR analysis provides information for the correct role
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determination of TMJ muscles and ligaments. For instance, incorrect determination of AoR
can result in apparently fallacious conclusion over the muscular roles. The AoR has been
used for the calculation of muscle moments by determining the lever arm and functional
assessment of masticatory muscles. The joint muscle moments of two methods were
compared : one was from the stationary hinge axis by connecting the condylar lateral pole
and the condylar medial pole while the other method was from the instantaneous AoR from
the Reuleaux technique [284]. An increase of the muscle contribution of the masseter
muscle and the medial pterygoid muscle was found from the rest potion to the opening
position when the stationary hinge axis was employed, contradicting the known function
of these masticatory muscles. Therefore, to obtain correct analysis results, it was
recommended to use the instantaneous AoR.

The finite helical axis (FHA) method gains its popularity in determining the AoR
because it is more accurate than the geometric fitting method [287]. However, one problem
with the FHA method is that it is quite sensitive to the noise in the collected data. In the
previous study of determining the helical axis during maximum open-close movement [18,
301], two assumptions exist, the minimum angle interval of 1 ° and the minimum time
interval of 14 ms, to make sure the rotation happens during the specified time interval. The
first assumption was investigated and reported that the angle limit was better at 0.7° [303].
The second assumption was also noted in a study of the normal open-close movement but
the sample size was limited [289].

Indeed, the FHA determined for the max open-close movement (sagittal rotation

angle > 20°) with those two interval variables would be appropriate enough since the
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rotation angle is notable for the specified time interval. However, there is a paucity of
information on determining the FHA for the habitual open-close movement.

The normal open-close with sagittal rotation angle around 20° is also quite
important for the TMJ kinematics study since it happens much more frequently during our
daily life than the excessive open-close movement. Moreover, it was observed from our
EMG analysis that most parafunctional activities, such as bruxism, happened at a very low
motion magnitude. So far, only one research article focusing on determination of the helical
axis in normal open-close movement has been reported but the sample was limited to only
the normal group [289]. Moreover, the individual time interval set in this study makes it
impossible to compare the FHA parameters of the patients with those of the controls.
Therefore, it is hard to detect the FHA change in patient kinematics during the habitual
open-close movement.

The objectives of this study were to determine the kinematics variables for the
normal open-close mandibular movement, and to identify the difference of the kinematics

for a group of subjects with diagnostic results.

Materials and Methods

Subjects

This study was approved by the Institutional Review Boards of the University at
Buffalo and University of Missouri-Kansas City. All participants volunteered for this pilot
study. Subjects were recruited at the University at Buffalo School of Dental Medicine and

gave informed consent before enrolling.
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Cone beam computed tomography (CBCT) and magnetic resonance (MR) images
were used with Research Diagnostic Criteria for TMD by calibrated examiners to
categorize subjects. Subjects were excluded from participation if they reported a history of
rheumatic diseases, presented with CBCT evidence of degenerative joint disease of the
TMJ, had multiple missing teeth or large dental restorations, were pregnant, or were unable
to perform the variety of tasks in the study protocol. This pilot investigation focused on
approximate numbers of age-matched women and men in three diagnostic groups: a
nDDnNPF group containing 19 healthy female subjects (mean age of 30.96 + 9.26-year-old,
from 23.42 to 55.75), a nDDNnPM group containing 18 healthy male subjects (mean age of
29.50 + 11.14-year-old, from 19.75 to 59.92) and a wDDwPF group containing 16 female
subjects with disc displacement or chronic pain (mean age of 33.42 + 13.27-year-old, from
20.83 10 61.17).

Both sagittal and oblique axial MRI scans were obtained. MRI scans of these discs
with higher contrast were used for segmentation and 3D model reconstruction. The voxel
size is 0.25 x 0.25 mm. The slice thickness is 2 mm.

The motion trajectories of TMJ mandible were recorded with an optoelectronic jaw
tracking system JAWS-3D with a set of active markers at sampling rage of 200 Hz. The
method has been described in detail elsewhere [256]. The movement of the left side TMJs
and the right TMJs were recorded separately. The subjects were asked to perform a list of
10 times normal open-close movement at their habitual speed. The motion trajectories of
one left TMJ from nDDnPF and two right TMJs from wDDwPF subjects were not provided

by our collaborators until the time of this manuscript.
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Data analysis

The mandibular motion trajectories were transformed into the head coordinate
system by a group of sequential transformation: "P(t) = "Tm(t) * MP(t).

The condylar lateral pole, the condylar medial pole and the condyle summit were
picked up in reconstructed 3D model. These three points were provided as the reference
markers in the motion trajectory models and the three-dimensional reconstructed model.

As the proximal segment was used as reference and its motion effect on the distal
segment mandibular movement was removed, the joint coordinate system used in this study
was the coordinate system built on the fossa bone. The Euler angles, including the flexion-
extension, the adduction-abduction, and the axial rotation around the local coordinate
system, were determined and plotted visually from the markers motion trajectories at each
step. The next step involved separate storage of the data for the opening and closing
movements, based on the angle of rotation: the separation of the ten open phases and the
ten close cycles for each subject was determined after the rotation in the sagittal plane was
extracted.

The range of motion analyzed the translation and rotation displacement of the
lateral pole at each time step. The range of motion variables included the maximum rotation
in the coronal or frontal plane @fronta-max, the maximum rotation in the horizontal plane
Qhorizontal-max, the maximum rotation angle in the sagittal plane @saggita-max, the rotation
magnitude @, the maximum translation component along three coordinate axes Tap, Tsi,

and Tlateral, and T.
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The finite helical axis parameters were calculated according the method in [389].To
simplify the data analysis, the coordinate system (Figure 11) and the FHA parameters from
a previous study [18] were used. The finite helical axis parameters were determined at the
time interval of 14 ms and the angle interval of 1° for all subjects. For the calculated FHA
location at time tj, the dcp(ti) was defined as the distance from the condyle lateral pole to
the FHA axis. The angles between FHA axis and the x-axis, y-axis, and z-axis at time t;
were defined as 6x, 6y, and ;. The vibration or smoothness of the FHA axes at time ti was

defined as:

00(t) = [16c (6 = BT2 + [0y (&) = 12 + 16, (60 —

The finite helical axis parameters included the maximum total rotation around the
finite helical axis fmax, the maximum translation along the finite helical axis tmax, the
maximum 3D spatial distance of the finite helical axis to the condylar lateral pole dcp-max,

the average orientation angle of the finite helical axis to the coordinate system 6, @ and

6, and the mean fluctuation of the finite helical axis to the coordinate system 8,.

The ROM and FHA parameters of the left TMJs were compared with those of the
right TMJs using paired t-test.

The ROM and FHA parameters of the nDDnPF TMJs were compared with those
of the nDDNPM TMJs to see the gender difference. The ROM and FHA parameters of the
nDDnPF TMJs were also compared with those of the wDDwPF TMJs to see the difference
between the patients and the controls. Both comparisons were performed using

independent t-tests.
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All the statistics were performed using two-tailed t-test. All differences were
considered significant at the level of less than 5%. Analyses were performed using
commercially available software (SPSS, IBM SPSS Statistics, Version 23.0, IBM Corp.,
Armonk, NY; and Stata, StataCor LP. Stata Statistical Software: Release 14, 2015, College
Station, TX).

Results

A total of 103 TMJs, including 37 nDDnPF TMJs (19 right and 18 left TMJs), 36
nDDNPM TMJs (18 right and 18 left TMJs), and 30 wDDwPF TMJs (16 right and 14 left
TMJs) motion data were analyzed. For the side comparison, 18 subjects from nDDnPF, 18
subjects from nDDNnPM and 14 subjects from wDDwPF were selected.

The change of the rotation in three orthogonal anatomy planes and the condyle
translation along the three coordinate system axes with respect to the recording time was
shown in Figure 16 and Figure 17.

No significant difference of the ROM parameters was found between the left
nDDNPF TMJs and the right nDDnPF TMJs. Therefore, the left nDDnPF TMJs and right
side nDDNPF TMJs were combined.

No side difference of the ROM parameters was found in nDDnPM. Therefore, the
left nNDDNPM TMJs and right side nDDnPM TMJs were combined.

No side difference of the ROM parameters was found in wDDwPF. Therefore, the
left wDDwPF TMJs and right side wDDwPF TMJs were combined.

The range of motion analysis between healthy female TMJs and healthy male TMJs

was listed in Table 11. No significant difference was found in all of the ROM parameters
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between female and male healthy subjects. The ROM analysis between female patients and
controls was listed in Table 12. The female patients had greater rotation than the controls.

The change of the rotation around the finite helical axis and the translation along
the finite helical axis with respect to the time is shown in Figure 18.

No significant difference was found between left and right TMJs in all the FHA
parameters for nDDnPFs and nDDnPMs. However, for wDDwPFs, the FHA translation of
left TMJ was significantly larger than the right TMJ. The finite helical axis analysis
between healthy females and healthy males was listed in Table 13. No significant
difference was found among these helical axis parameters.

The finite helical axis analysis between female patients and controls was listed in
the Table 14. The rotation angle of 21.81° for the patient was significantly larger than the
rotation angle of 18.99 ° for the controls. The variation of the helical axis orientation of the

patient group was significant greater than that of the control group.
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Figure 16. ROM translation of the condyle lateral pole.

The A-P translation is the translation along the anteroposterior direction. The S-I
translation is the translation along the superior-inferior direction. The lateral translation is
the translation along the left-right direction. The magnitude is the magnitude of the
translation vector.
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Figure 17. ROM rotation in three anatomical reference planes.

The magnitude is the magnitude of the rotation angle.
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Figure 18. The mandibular translation along and rotation around the finite helical axis
during the 10 cycles of normal mouth open-close.
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Table 11. ROM parameters between nDDnPF and nDDnPM.
® is the rotation amount of the Euler angle. T is the translation.

ROM Parameters nDDNPF (n = 37) nDDNPM (n=36) p

@frontal-max () 1.73+0.92 1.78+0.72 0.80
Phorizontal-max () 2.09+1.49 2.26+1.16 0.58
Qsaggital-max () 18.88+5.42 18.69+5.54 0.88
D () 19.03+5.44 18.82+5.57 0.88
Tap (Mm) 7.17+4.12 8.16+4.05 0.30
Tsi (mm) 7.40+2.81 7.80+2.25 0.50
Tateral (MM) 1.33+0.58 1.43+0.58 0.47
T (mm) 10.60+4.22 11.44+4.10 0.39
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Table 12. ROM parameters between nDDnPF and wDDwPF.
® is the rotation amount of the Euler angle. T is the translation.

ROM Parameters nDDNPF (n = 37) wDDwWPF (n=30) p

@frontal-max () 1.73+0.92 2.21+0.92 0.04
Phorizontal-max () 2.09+1.49 2.07+0.96 0.96
Qsaggital-max () 18.88+5.42 21.62+5.94 0.05
D () 19.03+5.44 21.82+5.90 0.05
Tap (Mm) 7.17+4.12 8.01+3.74 0.39
Tsi (mm) 7.40+2.81 9.57+3.90 0.01
Tateral (MM) 1.33+0.58 1.57+0.52 0.08
T (mm) 10.60+4.22 12.82+4.26 0.04
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Table 13. FHA parameters between nDDnPF and nDDnPM.

@ is the rotation around the helical axis. T is the translation along the helical axis. dcp is
the distance between the helical axis and the condyle reference point or the condyle
lateral pole. 6x is the angle between the helical axis and x-axis the coordinate system
XYZ. 6y is the angle between the helical axis and y-axis the coordinate system XYZ. 6, is
the angle between the helical axis and z-axis the coordinate system XYZ. 6 is the global
smoothness of the HA spatial orientation. Please refer to Figure 11 for the coordinate
system.

FHA Parameters nDDNPF(n = 37) nDDnPM(n = 36) p

Omax (°) 18.99+5.48 18.82+5.56 0.89
tmax (MM) 1.52+0.56 1.70+0.61 0.19
dep-max (MM) 57.0+18.73 61.74+20.11 0.30
. () 84.68+2.92 84.75+2.06 0.90
8, () 8.90+4.39 9.02+3.45 0.90
g, () 84.09+3.96 83.71+2.98 0.65
8, () 3.91+1.74 4.64+1.63 0.07
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Table 14. FHA parameters between nDDnPF and wDDwPF.

@ is the rotation around the helical axis. T is the translation along the helical axis. dcp is
the distance between the helical axis and the condyle reference point or the condyle
lateral pole. 6x is the angle between the helical axis and x-axis the coordinate system
XYZ. 6y is the angle between the helical axis and y-axis the coordinate system XYZ. 6, is
the angle between the helical axis and z-axis the coordinate system XYZ. 6 is the global
fluctuation of the HA spatial orientation. Please refer to Figure 11 for the coordinate
system.

FHA Parameters nDDNPF(n = 37) wDDwPF(n = 30) p

Omax (°) 18.99+5.48 21.81+5.90 0.05
tmax (MM) 1.52+0.56 1.52+0.60 0.95
dep-max (MM) 57.0+18.73 63.47+18.72 0.16
7. () 84.68+2.92 83.64+2.54 0.13
8, () 8.90+4.39 10.29+4.10 0.19
g, () 84.09+3.96 83.34+3.40 0.42
7, () 3.91+1.74 4.75+1.69 0.05
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Discussion

The most frequent oral behavior during our normal daily life is normal open-close
related activities. The functional assessment of this type of activities is of necessity for the
orthognathic surgery and orthodontics surgery to evaluate the mandibular function after the
surgery.

In biomechanics field, the ROM analysis for a point could provide the spatial
position information for dynamics study. The length change of two points with respect to
the mandibular movement provides crucial information for the dynamics. For instance, the
length change of the muscle insertion and the muscle origin is one of the vital parameter
for the muscle modeling. The determination of AoR is important for the identifying the
role for each masticatory muscle from the computation of the moment during the
mastication and other types of oral activities.

This study compared the TMJ ROM and FHA parameters for a total of 103 TMJs
from three types of diagnostic groups. ROM analysis provides motion description for one
or several points, which is necessary for the dynamics study and diagnosis. However, the
single point motion analysis is severely affected by the choice of the reference landmark
and the choice of the anatomical coordinate system. The FHA method has no such
restriction, but it is hard to interpret for clinicians and its application must relate to the
anatomical reference point such as the condyle lateral pole in this study.

No significant differences of the ROM parameters were found between the left
TMJs and the right TMJs of any the three diagnostic groups. The comparison of the ROM

parameters between the group nDDnPF and the group nDDnPM did not show any
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significant gender difference. The comparison of ROM parameters between nDDnPFs and
wDDwPFs demonstrated that the rotation was significantly different between the patients
and the controls. The patients had more rotation than the controls. The major difference
came from the frontal planar rotation as well as the sagittal rotation. The translation also
differed between the patients and the controls: the patients had larger displacement of the
lateral pole. The major difference came from the superior-inferior movement.

No significant differences of the FHA parameters were found between the left
TMJs and the right TMJs for the group nDDnPF and the group nDDnPM. However,
significant difference was found between the left TMJs and the right TMJs in patient group.
This unbalanced motion pattern between the left and the right TMJs cannot be detected
using the ROM analysis. The possible explanation is that the FHA analysis examines the
motion of the mandibular as a whole rigid body while the ROM analysis depends on the
choice of the selected reference point. Lower diagnostic results would be possible
depending on the selection of the ROM reference point on TMJ [313-315].

The comparison of the FHA parameters between the nDDnPF group and the
nDDnNPM group did not show any significant gender difference, either. The female rotation
of axis vibrated less than the male group. The wDDwPF group rotated with greater angle
than the nDDNnPF group. The motion path of the patients was significantly more irregular
than the controls since the vibration was significantly larger in patients. It was found [18]
that the patients with clicking joint had significantly larger rotation angle and much more
fluctuation with respect to the anatomical coordinate system. The center of axis calculated

from FHA provides quantitative parameters over the stability evaluation of the mandibular
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motion. It is therefore concluded that the patients have less motion stability than the
asymptotic subjects and that the patients have larger spatial motion.

The significant difference in ROM translation between the nDDnPF and the
wDDWPF group was not observed in FHA translation. Since the ROM translation analysis
severely depends on the selection of reference point and lower diagnostic results would be
possible depending on the selection of the reference point on TMJ [313-315], it is
preferable to use the FHA translation for diagnosis.

Compared to the maximum open-close mouth movement, the kinematics study of
the habitual open-close mouth movement has its advantage since it happens more
frequently during our daily life. However, the maximum open-close mouth movement
provides the extent to which most of the joints with TMJ disorders could not come up.
Another advantage of the maximum open-close mouth movement is that it has high
repeatability for the same person although exercise will change this limit. Thus, it is
preferred to use the maximum open-close oral activities for the TMJ kinematics study.

In the current study, large variation was observed in different cycles of the same
motion recording for the same participant. Variation also was found between different
subjects in a group. These variations reduced the diagnosis capability of most kinematics
parameters. The oral task of the habitual open-close mouth movement partly explained the
difference since each subject has their own understanding about the extent to which the

mouth should open during the habitual open-close mouth movement.
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CHAPTER FIVE: CASE STUDY OF HUMAN TMJ KINEMATICS - A
CUSTOMIZED MOTION-EMG-BITEFORCE SIMUTANEOUS DATA COLLECTION
SYSTE

Introduction

The functional assessment of the mandibular movement and muscle activities the
clinical role in evaluating TMJ function, planning pre-surgery treatment sequence and
arranging the type of treatments [33], determining the posttreatment results [29, 31] and
assessing the facial profile esthetics.

In the past, the continuous development in advanced mechanical, electronic and
optical high-technologies have facilitated the development of the scientific and objective
diagnosis. Several data recording systems, for both the research purpose and the industrial
use, have been reported for the kinematics evaluation. The commonly used systems include
the mechanical devices, the photographic methods, the stereographic, roentgenographic
methods, the electronic and telemetric methods, the magnetometry method (e.g.,
kinesiograph and sirognathograph), and the optoelectrical methods. Of these devices, the
magnetometry method-based and optoelectrical method-based devices are promising since
they meet the basic clinical requirements for a tracking device: reproducible, non-invasive,
no interference or non-obstructive to the natural jaw movement, free head movement
without fixation during the whole recording, simplified design, ability to perform distinct
types of oral tasks including empty motion and mastication tasks, ability to integrate with
other data collection system and best user experience.

Previously, the distinction of the kinematics variables has been identified between

the patients with TMJ disorders and the controls. It was demonstrated that the motion
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synchronized data will also provide critical information for the following dynamics and

nutrition study.

Materials and Methods

Subjects

This study was approved by the Institutional Review Boards of the Medical
University of South Carolina (MUSC). All participants volunteered for all aspects of this
pilot study. Subjects were recruited at the Medical University of South Carolina School of
Dental Medicine and gave informed consent before enrolling. The inclusion criteria
included: the study participants have a symmetric occlusion determined by bilateral
positions of the dentition and muscles of mastication, assessed by faculty in the Department
of Oral and Maxillofacial Surgery at MUSC in accordance with the DC/TMD [1]. The
study participants must have all canine teeth, first molars, and lateral and central incisors.
The study participants must be 18 years or older. The exclusion criteria included: subjects
with dental medical history outside of routine dental procedures; subjects with heavily
restored first molars, canines, or incisors which may be affected by biting force and motion
of custom frameworks during the experiment; subjects with any medical history including
musculoskeletal disease (e.g. fibromyalgia, muscular dystrophy), evidence of degenerative
0sseous changes, or trauma to the TMJ or associated structures; women who are pregnant;
subjects who have illiteracy or inability to speak the English language, or inability to follow
auditory and visual commands; subjects with anatomic parameters placing the subject
beyond the physical limits of the research devices and/or materials; subjects with previous

contact hypersensitivity to alginate; subjects with any self-reported jaw clicking, popping
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or pain. All collected data will be de-identified. Five male subjects with mean age of 30-
year-old participated in this study.
Precision of the tracking system

An optoelectrical commercial tracking system (Figure 19h) with 3 cameras (s250e;
NaturalPoint Inc., Corvallis, OR, USA Figure 19b) and a computerized control software
was used to monitor the movement of two rigid marker frames: one marker frame headset
is attached to upper teeth to record the head movement and the other marker frame is
attached to lower teeth to record the mandibular movement. Each marker frame has four
markers: at least three markers are required to build a rigid body in the tracking system,
while more than 4 markers will cause interference in CBCT image since the space for
placing the marker is relatively crowded for more than 4 makers. Three rings of 96 LEDs
with 850 nm infrared light were placed around the lens and illuminated the field of view.
Retroreflective material on the eight markers of the two marker frames will reflect the
infrared light back to the lens (Figure 199) so that the two-dimensional coordinate of each
marker in each camera could be determined. Other objects in the field of view have no such
strong reflective property as those markers. The camera field of view is 1.27 m x 1.27 m.
The camera resolution is 0.7 MP and accuracy is sub-millimeter. During the processing of
recording, capturing frame rate is 200 fps. The parameters of the camera exposure, the
frame rate, the resolution, the image processing mode, and the LED intensity could be
interactively adjusted in the computer software. An 8-port gigabit poE switch was used to
transfer the data from camera to a computer-controlled software and synchronize the three

cameras.
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To determine the spatial relative positions and orientations of the three cameras, a
calibration process has to be performed. A plastic bar with three retroreflective markers of
which the relative positions are well measured ahead using calipers is utilized for the
camera calibration. The plastic bar moved in a volume where the tracking target will
happen. After the calibration, the global coordinate system will be built.

Before the experiment, we evaluated the noise level or the accuracy of our tracking
system. We used a coordinate measuring device for the static measurement test in which
the measurement was taken after the marker was moved to the targeted position. The
hemispherical reflective marker of 3 mm was adopted for the test. A right triangle frame
with three markers located at each vertex was constructed for the test: one leg length was
40 mm and the other leg length was 80 mm. The global coordinate system was set using
the constructed triangle frame. Then the triangle frame was to well-defined positions: static
att =0.0 s, a translation of 30 mm along one direction and 30 mm along another direction
at t = 39.23 s and a translation of -20 mm along one direction and -20 mm along another
direction t = 110.36 s. We then read the spatial coordinates of those markers in camera
system and calculated the deviation from their desired coordinates. The distance from
between the three cameras and the coordinate measuring device was set as 2000 mm. The
distance between two cameras was 500 mm.

Experiment design

The whole motion-EMG-BF data collection system (Figure 19h) is consisted of (i)

CBCT imaging device (Planmeca ProMax 3D Max; Planmeca USA, Roselle, IL, USA.

Figure 19a), (ii) 3-camera motion tracking system (s250e; NaturalPoint Inc., Corvallis, OR,
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USA. Figure 19b), (iii) EMG data acquisition system (DLK900 DataLINK; Biometrics
Ltd., Newport, UK. Figure 19c), (iv)bite force measurement system (Flexforce; Tekscan
Inc., Boston, MA, USA. Figure 20), (v)a customized mouse (Figure 19f), and (vi)their
corresponding software.

All subjects follow the three-step experiment procedure: the clinical examination,
the CBCT imaging, and the laboratory visit.

During the clinical examination step, the written informed consent and the Health
Insurance and Portability and Accountability Act form will be signed from each subject.
Cone beam computed tomography (CBCT) and magnetic resonance (MR) images will be
used with Research Diagnostic Criteria for TMD by calibrated examiners to determine the
TMJ health condition. Maxillary and Mandibular dental impressions will be obtained by
licensed personnel. To determine the position of the CBCT imaging markers in the motion
tracking system and to ensure that the position of these markers keeps the same among
different experiment sessions, it is necessary to find a reference position on the joint or the
teeth rigidly connected to the TMJ joint. An impression model is made by the dentist and
the invisaligns for the lower and upper teeth were designed to faithfully fit the teeth.

For the CBCT imaging visit, the CBCT image of the participants with invisaligns
will be performed by a clinician.

For the laboratory visit, the incisor range of motion will be measured using a ruler.
The measurement items include the maximum inter-incisal opening capacity, the left-right

lateral movement capacity, and the protrusion-retrusion capacity.

155



The left and right temporalis and masseter muscle activities during a series of oral
tasks for five subjects will be collected using four channels of an eight-channel surface
EMG device DLK900 with active probe SX230-1000 wired sensor from Biometrics Ltd.
Up to 24 channels will be created if required.

We will use the recommended EMG settings: 3v dc channel sensitivity, 1000 Hz
sampling rate, 4950 mV excitation output, and full scale of 3mV (DLK900 DataLINK;
Biometrics Ltd., Newport, UK). The EMG sensor parameters are: 1000 gain, bandwidth
20-460 Hz, Noise < 5 pV, the common-mode rejection ratio >96 dB, input impedance >
1015 ohms and weight 5g (SX230-1000; Biometrics Ltd., Newport, UK). We will use
sampling rate of 1000 Hz because the EMG signal will not be gained at a higher sampling
rate.

This EMG device is portable and allows long term recording of more than 7 hours.
In addition, this device permits programming of digital channels so that we can synchronize
it with the motion tracking device on hardware level. Finally, this device also provides the
DataLINK application interface functions capability to collect data using our own
customized software so that we can synchronize it with the motion tracking device on
software level.

The skin will be cleaned with isopropyl alcohol or water to reduce resistance and
dried before attaching EMG electrodes. The centroids of the right and left masseter and
anterior temporalis muscles will be determined by palpation, and then surface electrodes
are affixed and pressed by hand. Similarly, a fifth single electrode is attached to the left or

right wrist and wrapped by tape as a ground. The subjects are required to perform a list of

156



oral tasks including five maximum open-close, five protrusion and five retrusion, five
lateral movement, five normal clench, and five normal open-close, at their own voluntary
speed.

CBCT image of the whole head including mandible and temporal bone at maximum
intercuspal position from five subjects with tracking and image markers will be obtained
using Planmeca ProMax 3D Max at MUSC dental school (Figure 19a). The maximum field
of view is 8230x260 mm and the voxel size is 0.4 x 0.4 x 0.4. Motion data will be collected
using optiTrack tracking device and three S250e cameras (Figure 19b) from NaturalPoint
Inc.. We will use this tracking system with passive marker because it reduces the
disturbance to the user by discarding the wires required in active marker-based tracking
system. Finally, bite force data will be collected using bite force sensor of Flexforce.

Before the data collection process, we will have to: 1) integrate the CBCT image
markers with tracking markers so that we can determine their relative relationship without
the assistance of the extra devices; and 2) synchronize the EMG and motion data collection

system so that we could collect these two sets of data more efficiently.
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(b) Tracking camera

(d) Customized concentric (e) Data collection (f) Customized marker
marker

Figure 19. Data collection system of imaging, motion, EMG and bite force.

(a) Planmeca ProMax 3D Max. (b) S250e camera. (c) Biometrics EMG base unit and
subject unit. (d) Section view of a customized concentric marker for both CBCT and
Optitracking. (e) Data collection. (f) Mouse used for synchronization of EMG with
motion. (g) Marker frame. (h) Overview of the whole data collection system.
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Marker integration

A customized marker that serve as a landmark in both imaging system and motion
tracking system was designed (Figure 19d). The method of determining the 3D relative
space relationship between CBCT markers and tracking markers is to coin this special
marker that has multiple purposes: begin with a plastic bead connected with a wooden
stick, we will firstly roughen the surface of the plastic bead (the most inner layer in gray
color) with sandpaper so as to increase its attachment capability, then we will uniformly
coat this rough surface with about 0.5 mm barium sulfate emulsion layer (the middle layer
in white color) which is visible in CBCT imaging and also allows the attachment of the
retroreflective microspheres. After that, a 0.5 mm layer of retroreflective microspheres (the
outmost layer in mixed color) for motion tracking device will be evenly sprayed on top of
the barium sulfate emulsion layer. Then, the customized marker will be dried naturally and
assembled on marker frame. Finally, the whole frame will be mounted to a self-made dental
guard or splint (light blue part in Figure 19g) for both CBCT imaging and motion tracking
usage.
Data synchronization

To synchronize motion tracking data collection device with EMG data collection
device (Figure 19c), we will program one of the two available digital channels on the side
of subject unit because it can be used as an event marker creator: a voltage input of +5V is
equivalent to logic 1, and a voltage input of +OV is equivalent to logic 0. Therefore, to
provide the digital input channel with a +5V triggering voltage, we will customize the

control mouse (Figure 19f) of tracking system by adding a switch button, two power cables
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and a diode indicator. In addition, the input pin and output pin of left button will be welded
to the two power cables: one will be used for the electricity input and the other will be used
for electricity output. The switch will control the on/off of mouse left button function.
When the switch is turned off, the diode indicator will be turned off and it is a normal
mouse: clicking left mouse has no extra function. When the switch is turned on, the diode
indicator will be turned on and it is an armed mouse with the function to provide digital
channel with a voltage of +5v when the left button is clicked.
Experiment tasks

The whole data collection and data analysis procedure is demonstrated in Figure
20. The subjects are seated upright approximately 1 m in front of camera in front of camera
with the head unsupported to allow the freedom of head movement (Figure 19e and Figure

19h).
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Figure 20. The data collection and analysis procedure of multiple data types.

(a) Four types of data, including image, tracking, EMG, and bite force data, are collected
by the system. The image marker is integrated into the motion tracking marker by
superimposing the tracking marker material on top of the CBCT marker material.
Therefore, the marker is visible in both the tracking system and the imaging system. The
self-designed mouse synchronizes the EMG data with the tracking data. (b) The EMG
device is firstly turned on to record 4-channel muscle activities (the top four channels).
With the clicking mouse in the tracking system, a current will be generated through the
mouse and will be captured in the specific channel 8 of the EMG recording device. The
red arrow stands for mouse clicking at the beginning of the motion tracking and the blue
arrow stands for the mouse clicking at the end of the motion tracking.

161



The five pilot subjects follow the following Motion-EMG-BF fifteen-step
experiment protocol: 1. Calibrate camera using self-made calibration tools to determine the
3D spatial pose relationship between the three cameras. 2. The global coordinate system
for motion tracking system was then established. 3. Clean the lower and upper invisaligns
with isopropyl alcohol and water. 4. Dry the invisaligns with abrasive paper and attach the
invisaligns to lower and upper teeth tightly. 5. Allow the user to adjust the position of the
two invisaligns to the closest position in CBCT. 6. Define the rigid body ‘mandible’ for
lower invisalign and rigid body ‘Fossa’ for upper invisalgin when the teeth are in maximum
intercuspal position. 7. Clean the subjects’ skin surface with isopropyl alcohol or water to
reduce resistance and dry it with abrasive paper before attaching EMG electrodes. 8. Locate
the centroids of the right and left masseter and anterior temporalis muscles by palpation,
and then affix and press surface electrodes by hand: electrode with label 1 will be attached
and aligned to left anterior temporalis fiber, electrode with label 2 will be attached and
aligned to left anterior masseter fiber, electrode 3 will be attached and aligned to right
anterior temporalis fiber, and electrode 4 will be attached and aligned to right anterior
masseter fiber. Do not attach the other end of these four electrodes to EMG subject unit.
These four sets of electrodes are bipolar surface disc electrodes. The margin of these four
sets of electrodes was secured with double-sided gel bought from the manufacturer. 9.
Similarly, a fifth electrode with a single surface disc will be attached to the left or right
wrist and wrapped by tape as a ground. 10. The wrapping around wrist using tape prevents
electrode detachment from the wrist and ensures the continues tight contact during the

experiment. 11. Attach the fifth electrode to the EMG subject unit. Set up biometrics EMG

162



software interface parameters: 1000 Hz. 12. Insert the four electrodes for muscles into
subject unit. Test EMG device to make sure the sound connection. The raw EMG signals
will be amplified and passed to a computer software for live recording and offline analysis.
13. The user will be required to perform a list of oral tasks at the voluntary speed: five
times consecutive max open-close, 5 times consecutive protrusion and retrusion, 5 times
consecutive lateral movements, 5 times consecutive rhythmic clench, 5 times normal
consecutive habitual open close, bite soft rubber, bite peanut, force sensor calibration, 5
times bite on the force sensor as hard as possible using right molar, 5 times bite on the force
sensor as hard as possible using left molar, 5 times bite on skittle using right molar, and 5
times bite on skittle using left molar. 14. Record the start and end time for each oral task.
15. EMG and motion data will be saved and exported.

The five subjects’ data of five times max open-close, 5 times protrusion and
retrusion, 5 times lateral movements, 5 times rhythmic clench and 5 times normal open
close will be extracted and analyzed. The motion data will be superimposed on 3D model
reconstructed from CBCT image. The interincisal and mandibular ROM will be computed.
The finite helical axis and its parameters with respect to movement will be calculated.
Motion data analysis

Motion data trajectory smoothing methods: data was smoothed using a second order
Butterworth filter with cut off frequency of 8 hz.

The mandibular range of motion analysis included the maximum incisor point
distance (IP) during the maximum open-close (maximum o-c IP or IP MMO), the

protrusion (protrusion IP), and the lateral movement (lateral IP). The IP components along
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three orthogonal axes were also reported (IP caudal, IP dorsal, and IP lateral). In addition,
the mandibular rotation angle and its three components in three orthogonal planes were
calculated (sagittal angle, frontal angle, and horizontal angle). The displacement of the left
condyle lateral pole (ICRP caudal, ICRP dorsal, and ICRP lateral) and the right condyle
lateral pole (rCRP caudal, rCRP dorsal, and rCRP lateral) was also reported. The incisal
distance was calculated with respect to the movement period. The boundaries of each
maximum open-close cycle were determined after the interincisal distance was calculated.
The individual opening-closing cycle was separated into 10 incremental parts at 10%
increments of the 3D incisal distance to evaluate the mandibular rotation change with
respect to the percentage of the incisor distance.

To evaluate the condyle translation, a middle point of the two condyle lateral points
was selected as a reference landmark. The motion trajectory of the condyle middle point
was calculated. The mandibular length in the sagittal plane is the distance from the condyle
middle point to the mandibular incisor. By defining the translation of the condyle middle
point (T, unit: mm), mandibular length (L, unit: mm) and the sagittal rotation of the whole
mandible (R, unit: radian), the contribution of rotation during the whole mandibular

maximum open-close process was defined (Figure 21) and reported for all subjects.

R xL

Percentage of rotation = ——
geof T+R=xL
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Figure 21. ROM analysis definition.

The condylar middle point is determined as the middle point of the two condyle lateral
poles. Translation is defined as the displacement of the middle point. The mandibular
length in the sagittal plane is the distance from the condyle middle point to the
mandibular incisor. By defining the translation of the condyle middle point (T, unit: mm),
mandibular length (L, unit: mm) and the sagittal rotation of the whole mandible (R, unit:
radian), the contribution of rotation during the whole mandibular maximum open-close
process was defined as (R*L)/(T+R*L).
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The mandibular axis of rotation was calculated using the finite helical axis method.
The finite helical axis parameters were determined at the time interval of 14 ms and the
angle interval of 1° for all subjects. The finite helical axis parameters included the
maximum total rotation around the finite helical axis Omax, the maximum translation along
the finite helical axis Tmax, the maximum 3D spatial distance of the finite helical axis to the
condylar lateral pole dcr-max, the average orientation angle of the finite helical axis to the

coordinate system 6,, 6,, and ,and the fluctuation of the finite helical axis to the

coordinate system 6,.
Software development

A software to compute and demonstrate the motion and the rotation of axis was
developed. It also had the function to calculate and display the contact area for “CHAPTER
SIX: CASE STUDY OF HUMAN TMJ CONTACT AREA in TMJ INTRA-ARTICULAR
SPACE” with the mandibular motion. The results of the computation were validated in the
commercially available software (Solidworks, Version 2017-2018, Dassault Systemes
SolidWorks Corp., Waltham, MA; and Adams, Version 2017, MSC software Corp.,

Newport Beach, CA) and academic opensource software OpenSim.

Results
A data collection system was designed to gather muscle EMG signal, jaw motion
tracking data, TMJ imaging data and the bite force data. A new type of markers for both
the imaging system and the motion tracking system was invented. The procedure of the
data collection system was shown in Figure 20. The precision of the tracking system was

estimated by the manufacturer to be less than 1 mm and the angular accuracy was 0.16°.
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Our measurement showed that the edge length deviation was within the range of 1 mm
with the distance of 2 m.

The range of motion analysis result for each subject was listed in Table 15. The
interincisal point (IP) distance during the maximum opening was 51.9+6.0 mm, close to
the measure that was obtained by caliper determinations. The IP distance during protrusion
was 8.2+2.9 mm. The IP distance during lateral movement was 11.3£1.7 mm. The
contribution of rotation to total displacement in maximum open-close activity was
calculated and plotted in Figure 22.

The FHA was calculated and displayed in Figure 23 and Figure 24. The helical axes
were parallel to each other during the mandibular movement. It was located at the posterior
and inferior of the condyle hinge axis at the initial stage and moved forward together with
the mandibular movement. The FHA parameters, including maximum rotation 6Gmax,
maximum translation Tmax, left and right distance from condylar reference points to finite
helical axis dcp-max, relative orientation of FHA to anatomical coordinate system 6., 6,
and 6,, and global fluctuation 6, of the spatial orientation of FHA during the maximum
open-close movement were calculated for each subject (Table 16 and Figure 24). The
averaged maximum rotation was 36.0 + 5.4 degree. The maximum translation was 1.8 +
0.12 mm. The FHA to left condylar reference point distance was 66.9 £ 48.8 mm. The FHA
to right condylar reference point distance was 72.4 + 26.2 mm. The large variations came

from P004. The mandible oriented almost horizontally (6, = 92.5 + 2.8°, 6,= 4.1 + 1.3°,

and &,= 89.9 + 1.9°).
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Table 15. ROM analysis of maximum open-close for five subjects.
IP is the interincisal point. L is the left side. R is the right side. MMO is the maximum
mouth opening. CRP is the condyle reference point.

POO1 P002 PO03  PO04 PO0S Mean = std

Max o-c IP (mm) 54.2 57.4 56.3 48.8 42.9 51.946.0
Protrusion IP (mm) 10.2 10.9 8.9 7.3 3.7 8.212.9
Lateral IP (mm) 12.4 13.1 9.6 9.4 11.9 11.3+£1.7
IP MMO (mm) 54.2 57.4 56.3 48.8 42.9 51.946.0
IP caudal (mm) 46.7 47.2 49.4 43.7 37.6 44.9+4.6
IP dorsal (mm) 27.5 32.5 27.4 21.9 20.6 26.0+4.8
IP lateral (mm) 1.0 3.6 3.7 3.2 2.3 2.8+1.1
Sagittal angle (%) 39.5 40.9 38.8 31.9 28.7 36.0+5.4
Frontal angle () 2.4 1.7 4.6 4.3 3.1 3.2+1.2
Horizontal angle (%) 0.0 7.1 3.9 3.0 1.2 3.1+2.7
ICRP caudal (mm) 2.5 4.5 5.8 9.2 5.8 5.6+£2.5
ICRP ventral (mm) 16.5 16.9 21.1 18.2 12.1 17.0£3.2
ICRP lateral (mm) 2.6 1.4 3.0 1.9 1.5 2.1+0.7
rCRP caudal (mm) 2.6 8.8 6.0 9.3 2.9 5.9£3.1
rCRP ventral (mm) 15.0 17.4 19.6 16.9 12.4 16.3+£2.7
rCRP lateral (mm) 2.6 1.6 2.9 1.8 14 2.1+0.7
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Figure 22. The contribution of rotation from five subjects.

Horizontal axis represents the percentage of maximum inter-incisor distance. Vertical
axis represents the ratio of rotation to the sum of rotation and translation.
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Figure 23. The axis of rotation calculated using the finite helical axis during one cycle of
maximum open-close.

The green color lines are the FHA axes during the mouth opening. The red color lines are
the FHA axes during the mouth closing. The magenta line is the FHA axis with a user-
specific time. The opening cycle is separated into 10 steps according to the incisor
distance. The closing cycle is separated into 10 steps according to the incisor distance.
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Figure 24. FHA parameters for five subjects.
Omax is the rotation around FHA, Tmax is the translation along the FHA, dcp-max is distance
of FHA relative to lateral condylar pole, 6,, 8,, and 8, are orientation of FHA relative to

global coordinate system, 8, is the fluctuation of the FHA orientation.
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Table 16. The helical axis parameters during maximum jaw open/close in five subjects.
@ is the rotation around the helical axis. T is the translation along the helical axis. dcp is
the distance between the helical axis and the condyle reference point or the condyle
lateral pole. X4 is the anteroposterior component of the dcp. zq IS the superior-inferior
component of the dcp. 6x is the angle between the helical axis and x-axis the coordinate
system XYZ. 6y is the angle between the helical axis and y-axis the coordinate system
XYZ. 6, is the angle between the helical axis and z-axis the coordinate system XYZ. & is
the global fluctuation of the HA spatial orientation. L is the left side. R is the right side.
Please refer to Figure 11 for the coordinate system.

PO1 P02 P03 P04 P05 Mean =+ std

Omax (°) 39.6 41.0 38.9 31.8 28.7 36.0+5.4
Tmax (MmM) 1.6 1.7 1.9 1.9 1.8 1.8+0.12
L dcp max (Mm) 40.7 34.9 57.4  152.8 48.5 66.9+48.8
L Xdmax (Mm) 22.1 18.3 38.0 93.1 37.7 41.9+30.0
L Xdmin (Mm) 1.6 -133 6.4 199  -175 -0.6+15.2
L Zdmax (Mm) -0.7 65  -115 48.5 42,5 14.5+28.7
L Zdmin (MM) -405  -314 458 -881  -30.0  -47.2+23.8
R dcp max (MmM) 68.4 36.3 72.7 1100 74.8 72.4+26.2
R Xdmax (Mm) 31.9 24.4 55.3  102.2 64.3 55.6+30.8
R Xdmin (MmM) 3.6 5.3 14.0 20.6 0.1 8.7+8.4
R Zdmax (Mm) -6.3 -8.0 -75 27.3 1.8 1.5+15.0
R Zdmin (MM) -58.1  -290 -488 -626  -315  -46.0+15.2
0, () 95.9 91.9 93.8 88.3 92.8 92.5+2.8
0y () 6.2 3.0 4.7 3.6 3.2 4.1+1.3
6, () 90.8 87.9 88.1 92.2 90.3 89.9+1.9
0. () 7.1 3.8 37.9 50.4 12.6 22.3+20.6
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Discussion

We have successfully used our motion-EMG-BF data collection system to collect
patient-specific EMG, motion and bite force data for five subjects. Our system provides a
practical, precise and clinically available solution for the integration data collection of
motion, EMG and bite force signals. Also, our motion data analysis showed promising
results: the system allows visually and sequentially determining of the condyle position
relative to articular fossa and the detection of functional rotation axis. We are confident
that the data collection system and the motion analysis methods can be applied.

Compared to previous studies, the use of the integrated image-motion maker for
both the motion system and the imaging system reduced the inaccuracy of the mathematical
transformation registration between the motion maker and CBCT marker since the two sets
of markers were manually put at the co-centric position.

The current system design is harmless to human. The potential research risk for
human comes from CBCT ultra-low patient dose of 215 pSv which is lower than 314 puSv
of standard 2D panoramic imaging. The making of impression s of the teeth may cause
discomfort if the subject is having difficulty breathing through the nose. Some subjects
may experience a sensation of gagging while impressions are made. In rare cases the
impression material may cause an allergic reaction. In addition, preparation of the skin for
the surf ace electrodes requires the application of isopropyl alcohol and the rubbing of the
skin, which may cause minor skin irritation. The data collection may take as lo ng as 1 hour
total per session. The potential risks associated with jaw-tracking are minimal, however

jaw muscle fatigue may occur.
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From the ROM analysis, subject PO5 had very limited protrusion range and the
incisal distance during the maximum open-close was smaller than other subjects. From the
figure, it was implied that the rotation took the major role during the initial opening stage
and gradually decreased until the maximum opening. However, the translation happened
together with the rotation during the whole process. For all five subjects, the rotation
percentage during the whole motion always ranged from 60% to 95%. The rotation
percentage of these five subjects converged to 75% at the maximum openning although the
initial value at the start of opening varies among subjects. The subject PO5 was more
asymmetric than other subject during the open-close cycle.

The maximum FHA rotation values for P004 (31.8°) and P005 (28.7°) were less
than the rest of the subjects. It is probably that these two subjects were TMJ disorders
patients. Dispersion of FHA of PO03 and P004 were larger than the rest of the subjects
possibly because their motion trajectories were more irregular and their daily usage of TMJ
had more magnitude than others.

Compared to large rotation proportion for one or two points in ROM analysis, the
whole rigid body range of rotation of subject PO05 was the lowest. This lowest rotation
value met the real situation because the subject had limited max opening. Therefore, ROM
and FHA analysis provided two perspectives to study the same motion problem. ROM
analyzed the motion of one or more points on TMJ rigid body while FHA investigated the
motion of the whole rigid body.

The potential improvement to data collection system, if exists, will be that: 1. We

have learned in previous studies that the loss and flipping of the passive marker will be two
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problems. To prevent missing marker, we will put four markers and create a rigid body so
that we can still use the remaining markers on the rigid body if one of the marker is missing.
In addition, we will develop our own software to detect missing marker and flipping
moments in real time; 2. Currently, the subjects will perform the oral task at their voluntary
speed. We will tell the subjects to follow a graphic oral task guide so that their data can be
compared between subjects; 3. The current invisalign design might prevent the teeth
contact and alter the mandibular resting position. This problem will also affect the precision
of motion-image registration if the teeth position in motion tracking is not the same as it is
in image. A retainer with exposed teeth used in previous experiment will replace current
invisalign design if required; and 4. Current system is still quite complex for operator
because it has four monitors, multiple device cables, and two control software on different
computers. It is quite inconvenient for the software operator to move from one computer
to another continuously. A self-designed software that controls both systems and
incorporates video recording function may be one of the solution to apply this system into
clinical settings since both EMG and tracking system provide hardware control C++ API.
In this case, only one software is required for the control of EMG, tracking and real-time
video recording and we can use our own software system without assistance of their
software in clinics. The user does not have to move around to control each hardware. 5.
The concentration of the barium sulfate emulsion cannot be too high to cause imaging
interference between markers and cannot be too low to lose visibility in CBCT device. We
have tried several concentrations and found the optimum concentration. 6. Preparation of

the skin for the surface electrodes requires the application of isopropyl alcohol and the
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rubbing of the skin, which may cause minor skin irritation. 7. The motion tracking will take
about 1.5 hour and therefore muscle fatigue might happen. The introduction of relaxation
periods between the end of one oral task and the beginning of the next oral task should
solve such problem.

Realtime visualization is possible with our current hardware. It is possible to
develop the software to complete all the functions required in real-time visualization for
clinical evaluation in the future.

Thanks to the Nurbs and 3D printer of CAD-CAM field, it is possible to design and
manufacture the digital intraoral impression model to cover larger areas up to full-arch
impressions while keep the impression model tight enough. It is time saving and has high
reproducibility. In addition, it owes high user experience since and it is not required to put
material into the mouth of the participants. For designer, it is easier to modify the digital
impression model. Thus, in the future, these advanced CAD-CAM techniques could be
used to promote our TMJ data collection and analysis system. Furthermore, it is possible
to apply the virtual reality techniques and thus provide the users with a friendly user-
environment interaction, make our system more attractive and commercialize our product.
Finally, with the help of virtual reality technologies, we should be able to create virtual
articulators that precisely replicate the mandibular movement rather than to mimic the

motion pattern for the current articulators.
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CHAPTER SIX: CASE STUDY OF HUMAN TMJ CONTACT AREA IN TMJ INTRA-
ARTICULAR SPACE

Introduction

The previous literature and the frequent clinical observations have demonstrated
that the disc displacement is correlated with the change of the joint anatomy [16, 56, 123,
128, 129] and the intra-articular space [123, 390, 391]. However, the diagnostic value and
the biomechanical meaning of the shape variation needs to be quantitatively clarified.

Biomechanically, the articular space analysis provides the quantitative and accurate
geometrical description of the articular surface which is essential for the development of
the accurate mathematical model analysis to understand the joint capability to distribute
the applied loading and to investigate the underlying pathophysiology of TMJ disorders.
For instance, with the reduced intra-articular joint space following the parafunctional
activities, the intraarticular pressure will increase. The increasing intraarticular pressure
above the capillary perfusion pressure leads to the hypoxia and the production of the
reactive oxidative species. The uncontrolled reactive oxidative species can impede the
biosynthesis of the hyaluronic acid and induce the hyaluronic acid degradation. The
degradation of the hyaluronic acid imperils its capability of preventing the lysis of the
surface-active phospholipid layer, the principal part of the boundary lubricant, by inhibiting
the phospholipase Az [328-330]. It was also demonstrated that the contact area shape with
decreasing congruency led to the stress concentration and caused the cartilage failure and
the subsequent joint degeneration [114, 116]. Finally, it was indicated that the joint
articular surface congruency was the dominant factor for the joint stability under the

compressive loading [331].
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The in vivo direct measurement of the human TMJ contact area without disrupting
the function integrity has been proven extremely difficult due to its intricate anatomy in an
extremely small region although there are in vivo experiment reports of intra-articular
pressure by inserting needle into articular space of TMJ joint [328, 335, 336] and invasive
in vivo strain and force data of Baboon [337], macaques [338, 339] and miniature pigs
[340-342] using strain gauges and piezoelectric film. In addition, the introduce of
prosthesis will cause harmful corrosion because of its different material properties of with
the condyle bone.

It is hard to apply the contact theories of the hertz contact theory or the elastic
foundation contact theory to model the TMJ. The elastic half-space perquisite of the hertz
contact theory generally cannot be met in human joints. The cartilage thickness of TMJ
fossa and condyle is relatively thin. The contact area of TMJ is comparable to the size of
TMJ condyle and fossa. The curvature of TMJ articular surfaces is relatively large and non-
uniformly distributed. Moreover, there is a deformable and moving soft TMJ disc between
the articular bones. The TMJ disc is a biphasic viscoelastic material and cannot be
simplified as a spring as in the elastic foundation contact theory. The deformation and
motion of the TMJ disc also prevents the application of the elastic foundation contact
theory which assumes no interaction between the elastic units.

Another way of the TMJ joint articular surface congruence estimation is through
the examination of the distances between fossa and condyle surfaces or disc and condyle
surfaces in intra-articular space. To evaluate the congruity of growing TMJs of 52

specimens, the frontal planar distances of 17 points distributed between lateral pole and
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medial pole are graphed with respect to their positions [114, 344]. The articular surface
congruency is normalized by subtracting the 2D mean distance from those 2D distances.
The thickness of the soft tissues of the articular eminence and temporal fossa was uniformly
set to 1.5 mm. In their later study, it was demonstrated that the cause of this surface
incongruity was the shape of the growing articular eminence and that the consequence was
the local stress concentration [116]. It was also found that the one of the disc function as
the media to reduce the condyle-fossa articular surface incongruity was limited. The
intraarticular space distance between the condyle and the fossa was also computed on 2D
image [55, 123, 132-134, 390].

The studies of joint congruency and contact area in 3D space were possible with
3D intra articular space analysis [345, 346, 370]. The contact area or stress-field calculation
was described as a statistical circle shape composed of 10 to 30 minimum distances h
between the TMJ condyle and fossa. The radius of this circle a was the standard deviation
around the centroid of the stress field. It was observed that the patients with clicking joints
had a significant grater aspect ratio a/h than the controls [392].

However, it was shown in the study [346] that the shape of the contact area was
more like an ellipsoid than a circle (Figure 12). Moreover, it is not clear whether there is
sex dimorphism of the human TMJ contact area although it is well-known that the female
condyle is much smaller in the mediolateral direction than that of the male. Therefore, the
objective of this study was to determine morphometric and biomechanical findings with
respect to gender to elucidate the background to sex difference regarding the clinical

complains over TMJ disorders. Specifically, the aims of this research were: 1) to design an
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improved method, the contact area descriptor 11, with more accurate characterization of the
contact area than the available statistical stress field method, or the contact area descriptor
I, reported in literature [345, 346, 370]; 2) to investigate the diagnostic group gender
difference between healthy females and healthy males to find out the mechanism on the
notable dominance of women in TMJ disorders; and 3) to identify the risk factors for TMJ

disorders.

Materials and Methods

Subjects

This study was approved by the Institutional Review Boards of the University at
Buffalo and University of Missouri-Kansas City. All participants volunteered for this pilot
study. Subjects were recruited at the University at Buffalo School of Dental Medicine and
gave informed consent before enrolling.

Cone beam computed tomography (CBCT) and magnetic resonance (MR) images
were used with Research Diagnostic Criteria for TMD by calibrated examiners to
categorize subjects. Subjects were excluded from participation if they reported a history of
rheumatic diseases, had signs of degenerative joint disease of the TMJ assessed by the
CBCT mathod, had multiple missing teeth or large dental restorations, were pregnant, or
were unable to perform the variety of tasks in the study protocol. This pilot investigation
focused on equal numbers of age-matched and gender matched subjects in two diagnostic
groups without TMJ disorders: a nDDnPF group containing asymptomatic female subjects
without either bilateral TMJ disc displacement or chronic pain, and a nDDnPM group

containing asymptomatic male subjects without either bilateral TMJ disc displacement or
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