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Abstract
This thesis presents studies on the relationship between anatomy and kinematics of the temporomandibular joint (TMJ). The studies have been performed by means of dynamic stereometry, which enables a non-invasive in
vivo view into the joint.
Dynamic stereometry is based on the combination of three-dimensional
anatomical data and motion data. The anatomical data were obtained by
magnetic resonance imaging. The recording protocols were optimized for
TMJ images. An opto-electronic tracking system recorded the motion data
by measuring the movements of light emitting diodes. A newly developed
system optimized these recordings. The combination of all these data and
the analysis of the resulting animation was made with a self-developed program.
The studies were performed in order to verify existing previously non-validated theories and to more closely investigate less known aspects of TMJ
kinematics. They cover three parts:
1 the comparison of the form of the trajectories depicted by different
condylar points during mandibular movements;
2 the analysis of the variation of the minimum intra-articular distance and
its paths during mandibular movements;
3 the three-dimensional visualization of the mechanics of the soft tissues
during a movement of the temporomandibular joint.
The first part investigates the relation between condylar trajectories and the
shape of the fossa. It was examined whether or not the shape of the fossa
can be inferred from the trajectory of the condylar pole. Usually, this is not
the case.
The kinematic center was proposed as a standardized reference for the
description of condylar movements. A study assesses now for the first time
the geometric relation between the kinematic center and the condylar
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ABSTRACT

anatomy. The location of the kinematic center appeared to be unpredictable.
Therefore, the kinematic center does not seem to correspond to a real
anatomical point.
Furthermore, the trajectory of the kinematic center is compared with the
path of the minimum intra-articular distance. During the closing phase, the
trajectory of the kinematic center is closer to the fossa, which is consistent
with the paths of the minimum intra-articular distance, but is in contradiction to findings of other authors.
The second part examines the paths of the minimum intra-articular distance, at which the highest loads on the soft tissues of the joint are assumed.
The results agree with other studies, which examined the discs of human
cadavers. In these studies most perforations (i.e. the highest load) were
found on the lateral side.
A further study compares the paths of the minimum intra-articular distances
of asymptomatic volunteers with those of patients with a clicking joint
without pain. The opening and closing paths coincide for asymptomatic
volunteers, but for symptomatic joints the paths during the opening phase
differ quite strongly from the paths during the closing phase.
The third part covers the three-dimensional visualization of the disc deformation during an opening/closing movement. At present it is possible to
obtain real-time MR images of a TMJ movement but only in one single
sagittal plane, at a low geometric resolution and low frame rate. For this
reason, the joints are fixed in different positions corresponding to the positions during a spontaneous movement and the whole anatomy is recorded
statically by means of magnetic resonance imaging. The joints are reconstructed three-dimensionally and registered by means of a special algorithm. A movie sequence showing TMJ mechanics is generated by a
sequential display of the different joint positions.

Kurzfassung
Die vorliegende Arbeit präsentiert Studien über den Zusammenhang zwischen der Anatomie und der Kinematik des Kiefergelenkes. Als Hilfsmittel
hierfür wurde die dynamische Stereometrie verwendet, welche einen nicht
invasiven in vivo Einblick in das Kiefergelenk erlaubt.
Die dynamische Stereometrie basiert auf der Kombination von dreidimensionalen anatomischen Daten mit Bewegungsdaten. Die anatomischen
Daten werden mit Hilfe von Magnetresonanz Tomographie aufgezeichnet,
deren Protokolle speziell für das Kiefergelenk optimiert worden sind. Die
kinematischen Daten werden mit Hilfe eines opto-elektronischen
Messgerätes aufgezeichnet, welches die Bewegung von Leuchtdioden verfolgt. Ein neu entwickeltes System trägt zur Optimierung dieser
Aufnahmen bei. Die Kombination all dieser Daten sowie die Auswertung
der erhaltenen Animationen erfolgt in einem selbst geschriebenen
Programm.
Die Studien wurden durchgeführt, um bestehende, nicht validierte Theorien
zu überprüfen und um wenig bekannte Aspekte der Kiefergelenkskinematik
genauer zu untersuchen. Sie umfassen drei Bereiche:
1 der Vergleich der Trajektorienform einzelner kondylarer Punkte während
einer Bewegung in Bezug auf andere Objekte oder Trajektorien
2 die Analyse des minimalen Gelenksspaltes und dessen Trajektorie während einer Bewegung
3 die dreidimensionale Darstellung der Mechanik der Weichteile des
Kiefergelenkes während einer Bewegung
Im ersten Bereich wurde der Zusammenhang zwischen kondylaren Pfaden
und der Form der Fossa untersucht. Man überprüfte dabei, ob vom Pfad des
kondylaren Pols auf die Form der Fossa geschlossen werden kann. Dies
scheint nicht der Fall zu sein.
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KURZFASSUNG

Das kinematische Zentrum wurde als standardisierte Referenz für die
Beschreibung kondylarer Bewegungen vorgeschlagen. Eine Studie verband
nun zum ersten Mal das kinematische Zentrum mit der realen Anatomie des
Kiefergelenkes. Der Ort des kinematischen Zentrums erwies sich dabei als
unvorhersagbar. Das kinematische Zentrum dürfte daher kaum einem realen, anatomischen Punkt entsprechen.
Des weiteren wurde der Pfad des kinematischen Zentrums mit dem Pfad
des minimalen Gelenkspaltes verglichen. Während der Schliessphase
befand sich dabei der Pfad des kinematischen Zentrums näher bei der
Fossa, was mit dem Pfad des minimalen Gelenkspaltes übereinstimmte,
jedoch den Veröffentlichungen anderer Autoren widersprach.
Im zweiten Bereich wurde die Trajektorie des minimalen Gelenkspaltes
untersucht, bei welchem die grösste Belastung der Weichteile des Gelenkes
vermutet wird. Die Resultate stimmen mit anderen Studien überein, welche
die Disken von Leichen untersuchten. Auch dort fand man die meisten
Perforationen (und somit die grössten Belastungen) im lateralen Bereich.
Eine weitere Studie befasste sich mit der Frage, wie die Pfade des minimalen Gelenkspaltes für Öffnen/Schliessbewegungen bei Patienten mit
Knacken ohne Schmerzen und asymptomatischen Probanden verlaufen.
Während die Pfade bei asymptomatischen Probanden gut übereinstimmten,
unterschieden sich bei symptomatischen Gelenken die Pfade für das Öffnen
doch recht stark von jenen für das Schliessen.
Der dritte Bereich widmete sich der dreidimensionalen Darstellung der
Mechanik des Diskus während einer Öffnen/Schliess-Bewegung. Zur Zeit
kann man mit einem MR Gerät bei Echtzeit-Messungen von
Kiefergelenksbewegungen leider nur einen Schnitt durch das Gelenk bei
tiefer Frequenz und niedriger geometrischer Auflösung aufnehmen. Aus
diesem Grunde wurden die Gelenke in verschiedenen Positionen einer
natürlichen Bewegung fixiert und anschliessend statisch die ganze
Anatomie im MR Gerät aufgenommen. Die dreidimensional rekonstruierten Gelenke wurden mittels eines speziellen Algorithmus exakt übereinander gelegt und anschliessend sequentiell in Form eines Films animiert.
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Figure 1-1 Three-dimensional reconstructed head (based on MR images) with animated mandible. The animation is done by real in vivo motion data.
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1 INTRODUCTION

1.1 Overview
The temporomandibular joint (TMJ) is a freely movable articulation
between the condyle of the mandible and the glenoid fossa (Fig. 1-2). In
comparison to other body articulations it has some unique features [Pa04]:
1. functionally the TMJ is a bilateral joint: the right and left joint always
function together;
2. the condyle-disc-complex has a high degree of mobility and condylar
movements always occur by a combination of rotation and translation;
During opening the condyle-disc-complex glides along the glenoid fossa
while the condyle rotates under the disc;

Figure 1-2 Mandible (upper images) and TMJ (lower images) during an opening
movement. The upper object of the TMJ represents the fossa mandibularis and the
lower one the condyle. The anatomy is recorded by MRI and animated with real in
vivo motion data.

1.1 OVERVIEW
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3. condylar movements are controlled not only by the shape of the articulating surfaces and the contraction patterns of the muscles but also by the
dentition. This, indeed, determines the end position as well as the movement of the condyle-disc-complex when jaw movements are performed
with the teeth in contact.
The anatomy of the joint and its pathological alterations have been studied
in detail [De03, Uy03, Pa98, Be93]. Furthermore, several studies have been
published on mandibular kinematics [Le03, Bu00, Ko00, Vi00, Lo96,
Go95, Kr95, Sa94, Wo94, Si91, Wi91, Me88, Er88, Gi82, Gi81] and/or the
muscle of mastication [Cr00, Lo00, We97, Ha94, Ha77]. Some of the kinematic studies analyzed the trajectory described by a condylar point - for
instance the kinematic center or the condylar pole-, by an incisal point
[Na03, Ca99, Na99, Ya97, Zw96, Pr93, Pr88] or by the helical axis [Sa03,
Ny02, Lw01, Ch00, Gl00, Tr00, Ng99, Ga97]. Some of these kinematic
studies have been performed at the Clinic for Masticatory Disorders and
Complete Dentures of the University of Zurich [Go04, Fu03, Pa03, Ga00,
Gl00, Ga97, Kr95, Sa94, Wi91, Er88, Me88].
The major limitation of the studies that analyzed the trajectory of single or
multiple mandibular points is that the trajectories of these points are not
displayed in relation to the joint anatomy but to a reference frame determined by the recording system. As a consequence the trajectories do not
represent the actual movement of the surface of the condyle. In order to
overcome this limitation the kinematic data have to be expressed in relation
to the glenoid fossa. This imply that the joint anatomy must be reconstructed three-dimensionally and that kinematic data must be applied to the
anatomy in order to be able to display the movement of the whole condyle
within the fossa. This can be accomplished by the technique of dynamic
stereometry, that has been introduced at our institution by Martin Krebs
[Kr97] and that has been further developed as part of this thesis work. The
changes were necessary in order to be able to perform some of the studies
on condylar kinematics described in chapter 5.
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Dynamic stereometry requires an imaging system yielding three-dimensional information on craniomandibular anatomy, a jaw tracking system
and a reference system that allows to express the coordinates of the jaw
tracking system in those of the imaging system in order to be able to combines both types of data. For our studies, the anatomy was reconstructed by
means of magnetic resonance images (MRI). For this reason, a chapter on
this technique and in particular on the pulse sequences for TMJ recordings
is included.
The kinematic data were recorded by means of the opto-electronic tracking
system Jaws3D [Me85]. As the precision and the acquisition frequency of
this system, that has been built about twenty years ago, are limited part of
the work of this thesis was dedicated also to the development of a new jaw
tracking system described in chapter 4.
This thesis contains
· a description of the material and methods required for dynamic stereometry;
· the changes in Kreb’s software necessary first because of the changes in
the computer equipments that had taken place in the mean time: the software does not work on actual operating systems. Second to run the software on platform-independent libraries: The new software now runs
under both operating systems UNIX® and Windows®;
· the results of the studies on the variation of the intra-articular distances,
on stress-field paths, on disc deformation and on condylar point trajectories, in particular on the geometric relationship between the kinematic
center and the form of the glenoid fossa.
In particular, new in this thesis are
· the optimization of magnetic resonance imaging of the TMJ;
· additional analysis tools for dynamic stereometry;
· new studies on the relationship between condylar motion and anatomical structure of the TMJ, and
· the new opto-electronic tracking system OPTIS.

1.2 ANATOMY OF THE TEMPOROMANDIBULAR JOINT
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1.2 Anatomy of the temporomandibular joint
The TMJ consists of three parts [Pa04, Vl01]: the fossa mandibularis -part
of the squamous portion of the temporal bone, the condyle (the articular
process of the mandible) and the fibrocartilagineous disc interposed
between fossa and condyle (Fig. 1-3).

fossa

disc

condyle

Figure 1-3 The anatomy of the temporomandibular joint including fossa mandibularis, condyle, and discus articularis.

The condyle, also called caput mandibulae, is elliptical and varies interindividually in size, shape and position. The angle between the condylar
main axes of the left and right joint varies between 150 and 160 degrees.
The discus articularis sits on top of the condyle like a baseball cap, and
separates the TMJ into an upper disco-temporal and a lower disco-condylar compartment. Several ligaments strengthen the joint and limit the movements.
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The mandibular movements can be divided into four main types:
opening/closing (abduction/adduction), protrusion (forward movement),
retrusion (backward movement) and laterotrusion (lateral movements)
(Fig. 1-4). The opening and closing movements consist of a combination of
rotation and translation. During protrusion and laterotrusion the condyle
slides along the glenoid fossa with a minimum degree of rotation.

opening / closing

protrusion / retrotrusion

laterotrusion to the left

laterotrusion to the right

Figure 1-4 The main movements of the temporomandibular joint. The condyles of the
left and right side are visualized in a perspective view from the left hand side for five
steps of the corresponding movement.

1.3 THE ARTICULAR DISC
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1.3 The articular disc
The articular disc is the primary mechanism of stress distribution and lubrication within the TMJ. During mandibular movements, the geometric relationships of the TMJ articular surfaces vary (Fig. 1-5), so that the disc
undergoes stress concentrations that change with time and location.
Mediolateral shear stresses to the disc may result, that in turn may compromise disc integrity [Wa97], since this tissue is weaker in the mediolateral
direction [Be01]. Thus, it has been speculated that altered mechanical properties of this tissue might reduce its functional effectiveness, increasing
the likelihood of osteoarthritis [Ni01, Ni94]. Also animal models have
shown that a surgically performed disc displacement or perforation may
induce osteoarthritis of the articular surfaces [Na00, Sy03, To02]. TMJ disc
failure seems to be related to trauma or higher concentrations of strain energy, but the etiology of this disease still remains unclear. An still unanswered issue is for instance why lesions and perforations are more often localized in the lateral portion of the disc [Ob71, St96].

Figure 1-5 Reconstructed joint (based on MR recordings) including the movement
and the deformation of the disc

18

1 INTRODUCTION

1.4 Visualization of the TMJ and its movements
1.4.1 Imaging techniques
There are different imaging techniques available for the visualization of the
TMJ: conventional radiography, fluoroscopy, arthrography, computed
tomography (CT), and magnetic resonance imaging. The first three methods yield two-dimensional information of the joint morphology, the others
three-dimensional information. Therefore, conventional radiography,
arthrography and fluoroscopy can not be used to reconstruct three-dimensionally the TMJ, the prerequisite for dynamic stereometry
Computed tomography creates images by using an
array of individual small X-ray sensors. The data are
collected from multiple angles by revolving the Xray source and the sensors around the patient. A
computer processes this information to create the
images. Though bony structures are depicted with a
very high degree of definition (Fig. 1-6), CT has the
Figure 1-6 CT-image big disadvantage of exposing the subject to ionizing
of a TMJ
radiation. For ethic reasons this technique can, therefore, not be used for studies on asymptomatic subjects.
The quality of the magnetic resonance images has
improved constantly during the last years and also
the acquisition time has decreased very much. The
improvement in the signal to noise ratio and in the
acquisition time is well reflected in the images of the
human heart. At present, it is possible to take 20 or
more images per second of the heart [Pr01, We00].
Figure 1-7 MR-image This allows a very good in vivo real-time visualizaof the same TMJ
tion of the dynamic behaviour of the heart. This is
achieved by triggering the MR scanner by the P-

1.4 VISUALIZATION OF THE TMJ AND ITS MOVEMENTS

Figure 1-8 Dynamic real-time MR
image of the heart. Recording time:
0.027 seconds. [Pr00]
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Figure 1-9 Dynamic real-time MR
image of the TMJ. Recording time:
0.5 seconds.

QRS-T complex of the electrocardiogram (ECG) so that different images
are taken always at the same time of the heart beat cycle. In this way the
whole anatomy can be obtained for a special position of the heart, simply
by measuring one slice after the other one always at the same time of the
heart beat cycle.
Unfortunately, this method cannot be used for the TMJ. First the contrast
between disc and bones is much worse than the contrast between blood and
muscles (Fig. 1-8 and 1-9). Second, dynamic in vivo real-time recordings
of the TMJ are feasible, but only at a maximum frequency of 6 Hertz and
only on one thick slice. Thus, the subject has to perform slow mandibular
movements (ten to fifteen seconds for one opening/closing cycle) to obtain
readable images. Third, the absence of a repetitive electronic signal during
jaw movements, like the P-QRS-T complex of the ECG, does not allow to
trigger the MR image with the mandible always in the same position during an open/close cycle.

20
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Thus, to date there are only three possibilities to visualize condylar movements:
1. dynamic real-time MR recordings for one slice at 6 Hertz (see chapter
2.3.4);
2. a series of static MR recordings of the condyle taken at different positions (see chapter 5.6);
3. dynamic stereometry, a combination of one static MR recording of the
anatomy and movement data obtained by a jaw tracking system (see
chapter 3).
All three methods have one big disadvantage: the acquisition time for the
TMJ anatomy is very slow. Therefore, nearly no fluid dynamic effects
(using method one) or no fluid dynamic effects at all (using method two or
three) can be observed directly. But just these effects affecting TMJ soft tissues seem to play an important role especially in pathologic joints [Ta00,
Pr98], because the disc deformations are also under influence of fluid flow
through and out of the disc, when dynamic loading occurs [Ta03].
Unfortunately there is no way to observe fluid dynamic effects directly at
the moment.

1.4 VISUALIZATION OF THE TMJ AND ITS MOVEMENTS

21

1.4.2 Animation of the TMJ
Dynamic stereometry (Fig. 1-10) offers the possibility of an indirect observation of fluid dynamic effects by measuring the variation in the distance
between the articulating bony surfaces. The condylar motion can be recorded with a frequency of up to 600 Hertz and an accuracy of up to 0.01 mm.
This enables the observation of fast movements as well as the measurements of small distance variations .

Figure 1-10 Dynamic stereometry: The statically obtained joint by MR images is
reconstructed in three dimensions and animated with in vivo motion data recorded by
a jaw tracking system. The resulting animation can be analyzed quantitatively.

The system consists of four parts:
· a jaw tracking system;
· a MR recording, in order to reconstruct three-dimensionally the joint
anatomy
· a reference system for the combination of the two coordinate systems of
the jaw tracking system and of the MR scanner

22
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· a dynamic stereometry program, which combines the anatomy with the
motion data and enables the quantitative analysis of condylar movement.
The jaw tracking system Jaws3D or OPTIS records the position of two sets
of light emitting diodes (LEDs). Three non-collinear LEDs with a fixed
geometry are necessary in order to obtain the position of an object in space
with six degrees of freedom. Thus, a set of three LEDs attached to a lightweight, small electronic board are rigidly connected to the maxillary and a
second one to the mandible. Their relative three-dimensional relationship is
obtained by recording the coordinates of the six LEDs by means of three
linear CCD cameras with fixed geometry.
The TMJ anatomy was recorded by means of MR images, although the
contrast between soft tissues and bony structures is worse on these images
than on CT images. Nevertheless, it is still high enough to allow a good
segmentation of the bony structures. The choice of MRI was dictated by the
following reasons: First, the technique is free of radiation and, as far as
known, of biological hazards; thus, it can be used also on asymptomatic
subjects. Second, the MR signal is very sensitive to different soft tissues.
Using an optimal recording technique, it is possible to obtain good images
of muscles, cartilage and other soft tissues.
The coordinate systems of the MR scanner and of the jaw tracking system
are different. A reference system is therefore required in order to transfer
the coordinates of one system into the other one. The reference system used
to express the imaging and movement data in the same coordinate system
consists of a face bow carrying three non-collinear plastic spheres that are
embedded in MR contrast medium in order to be identified in the MR
images. The two side arms of the face bow, the so called reference bars,
carry a precision locator, i. e. a removable, small electronic board with
three LEDs. The locator attaches the LEDs in a reproducible and calibrated position to the spheres. The face bow, fixed to the dentition by means of
paraocclusal clutches, allows the MR images to be taken with the subject
biting in maximum intercuspation. The positions of the three reference
spheres were measurable with both the MRI and jaw-tracking devices and

1.5 OBJECTIVE
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acted as intermediate frame to express the MRI coordinates in the jaw
tracker coordinate system. This allows a coordinate transformation by
matrix calculations.
The dynamic stereometry program combines the MR recordings with the
motion data including the reference measurements. The MR images are
segmented and reconstructed three-dimensionally. The motion data are
transferred into the MR coordinate system and subsequently applied to the
three-dimensional objects. The resulting animation of the anatomy can be
visualized and analyzed quantitatively. The method has been described in
details [Pa03, Kr97].

1.5 Objective
In summary, the aims of this work were:
· the optimization of the MR scanner parameters for an optimal visualization of the bony and/or soft TMJ tissues;
· the development of a new software (adjusted to actual operating systems) in order to be able to perform the studies;
· the development of a new faster and more accurate jaw tracking devise;
· the analysis of the variation of the minimum intra-articular distance and
its trajectories in relation to the joint surfaces during mandibular movements;
· the three-dimensional visualization of the deformation of the disc during
mandibular movements;
· the comparison of the form of the trajectories depicted by different
condylar points during mandibular movements, and
· the comparison of these trajectories to the shape of the glenoid fossa as
well as to the trajectory depicted by the area of minimum condyle-fossa
distance during jaw motion.
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2 Magnetic Resonance Imaging
This chapter describes the different techniques used to visualize the TMJ
and the pulse sequences used for each technique. The technical terms are
briefly explained at the beginning of the chapter.
2.1 Introduction
2.2 Basics of MRI
2.3 MRI Pulse sequences for TMJ recordings
2.3.1 Spin Echo
2.3.2 Turbo Spin Echo
2.3.3 Gradient Echo
2.3.4 Echo Planar Imaging
2.4 Perspectives

Figure 2-1 Different MR recordings of the TMJ
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2 MAGNETIC RESONANCE IMAGING

2.1 Introduction
Magnetic resonance imaging is a technique used to produces slice images
of the human body with high contrast between various soft tissues, structures and/or organs. As a result, magnetic resonance imaging has become
the modality of choice in many diagnostic studies. Developments are ongoing to improve the image quality and acquisition speed. Thus, the range of
clinical applications for MRI continues to growth at a fast pace. One of
these clinical applications is the visualization of the temporomandibular
joint (Fig. 2-1).

Figure 2-2 Philips Intera 3T MR scanner [www.mr.ethz.ch]

2.2 BASICS OF MRI
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2.2 Basics of MRI
The physical principle of MRI is based on a property of the nuclei called
nuclear magnetic resonance (NMR) [Ku00]. Protons (and other nuclei)
have an intrinsic angular moment called spin that generates a microscopic
magnetization [Bo04, Sp00, Ku00, Bo85]. When aligned with a magnetic
field, the magnetic moment precesses, or oscillates, about the axis of the
magnetic field. The rate of the precession corresponds to the resonance or
Larmor frequency.
In the magnetic field of an
MRI scanner (Fig. 2-2) at
room temperature, there is
approximately the same number of proton nuclei with their
magnetic moment aligned in
the direction of the main magnetic field as well as counter
Figure 2-3 Protons and their microscopic mag- aligned (Fig 2-3). The aligned
netization outside (left) and inside a magnetic distribution, however, is
slightly favored, because in
field
this alignment the nucleus has
a lower energy level. This results in a net or macroscopic magnetization
pointing in the direction of the main magnetic field.
If the nuclei in the lower energy state are exposed to radio frequency (RF)
pulse at the Larmor frequency, they are pushed into the higher energy state.
This causes the vector of the net
magnetization to move away
from the main magnetic field (z
axis) (Fig. 2-4). The angle
between the vector of the main
magnetic field and that of the
macroscopic magnetization is
Figure 2-4 Excitation of the magnetization
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determined by the duration and strength of the RF pulse. When a 90° pulse
is applied the vector of the macroscopic magnetization is flipped into the
transverse or x-y plane (Fig. 2-4). In this excited state the precession is now
transformed into a spinning motion of the nucleus around the axis of the
magnetic field. This spinning motion is an enhanced precession and is different from the intrinsic spin of a nucleus about its own axis. The spinning
motion of many nuclei around the axis of the magnetic field generates an
RF signal, that is collected to form the MR image. The intensity of the RF
signal and therefore, in most imaging situations, the resulting pixel brightness of the MR image depends on the concentration (density) of nuclei
(protons) in molecules that are free to move, as in liquid state. Thus, tissues
containing a lot of protons like water or fat appear bright while bone
appears dark. However, the excited nuclei experience an increased torque
from the magnetic field, urging them to realign by transferring the excess
energy to other nuclei or the general structure of the material. This process
is called relaxation. How quickly the energy transfer takes place depends
on the physical characteristics of the tissue. The nuclear relaxation rate (or
time) is, in many cases, the most significant factor in producing contrast
among different types of tissue in an image.

T1
The longitudinal relaxation process is described by an exponential function.
The time T1 is the time constant of this function and indicates the time
when the vector of the net magnetization
reaches 63% of its maximum value along
the main magnetic field (z axis) (Fig. 2-5).
A complete relaxation is obtained after 3-5
T1 times. T1 depends on the main magnetic field strength that specifies the Larmor
Figure 2-5 Longitudinal relax- frequency. Higher magnetic fields are assoation
ciated with longer T1 times.
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T2
The decay of transverse magnetization, i.e. the transverse relaxation, results
from slightly fluctuating magnetic fields originating from collisions
between molecules and from interaction
between nuclei (spin-spin interaction). As
a consequence the individual spins acquire
slightly fluctuating Larmor frequencies, so
that their precessions get out of phase and
the transversal vector components of the
macroscopic magnetization disappear. This
Figure 2-6 Transverse relaxation
phenomenon is called T2 relaxation or
spin-spin relaxation. Like the T1 relaxation
also the T2 relaxation occurs exponentially and the T2 parameter corresponding to the time when 63% of the transverse magnetization has gone
(Fig. 2-6). In pure water, the T2 and T1 times are approximately the same,
i.e. 2-3 seconds. In biological materials, the T2 time is considerably shorter than the T1 time.
T2*
The inherent inhomogeneity of the magnetic field and the properties of the tissue
accelerate the dephasing of the nuclei and
loss of transverse magnetization. The time
T2* is the time constant of this rapid transverse relaxation. It is characterized macroFigure 2-7 Rapid transverse
scopically by a loss of transverse magneti- relaxation
zation at a rate greater than T2 (Fig. 2-7).
Due to the T1 and T2/T2* relaxation effects the RF signal of the excited
nuclei will decay with time constant T2* since usually T2* << T1, inducing in the MR receiver coil a so-called free induction decay (FID) signal.
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TR
TR is the time interval between consecutive RF excitation pulses. Because
the longitudinal relaxation last for a relatively long time, TR also corresponds to the duration of the image acquisition cycle or the cycle repetition
time (Time of Repetition) (Fig. 2-8).
TE
TE (Time to Echo event) is the time between the excitation pulse and the
center of the acquired echo signal (Fig. 2-8).

Figure 2-8 Time of repetiotion (TR) and time of
echo event (TE) during a spin echo sequence (see
below)

T1-weighted images
During the relaxation of longitudinal magnetization, different tissues will
have different levels of magnetization because of their different T1 values.
This difference can be used in order to vary the image contrast. In principle, at the beginning of each imaging cycle all tissues are dark (Fig. 2-9).
As the tissues regain longitudinal magnetization, their RF signal intensity
increases and therefore their pixels of the MR image become brighter. The
resulting tissue brightness within the image depends on the time point during the relaxation at which the recording is terminated and the picture is
taken. This is determined by the selected TR value. When a short TR is
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Figure 2-9 T1-weigthed recording. A short TR value ends the relaxation process of the
different tissues before they reach the maximum longitudinal magnetization, what produces T1 contrast.

used, the relaxation of the longitudinal magnetization is interrupted before
the excited nuclei are completely relaxed because T1 characteristics can
only be measured during the relaxation process. Therefore a short TR
reduces signal intensity and tissue brightness within the image but produces
T1 contrast.
Proton Density (PD) weighted images
The density, or concentration, of protons in each tissue voxel determines
the maximum level of magnetization that can be obtained. Therefore the
basic difference between T1 contrast and PD contrast is that T1 contrast is
produced by the rate of relaxation, and PD contrast is produced by the maximum level of magnetization that can be obtained. In general, T1 contrast
predominates in the early part of the relaxation phase, and PD contrast predominates in the later portion. A PD-weighted image is produced by selecting a relatively long TR value (Fig. 2-10).
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T2-weighted images
During the decay of transverse magnetization, different tissues will have
different levels of magnetization because of different decay rates, or T2 values (Fig. 2-10). The tissue with the longer T2 value maintains a higher level
of magnetization than the other tissue and appear longer bright. The difference in the tissue magnetization at any point in time represents the contrast.
At the beginning of the cycle there is no T2 contrast, but this develops and
increases throughout the relaxation process. At the echo event the magnetization levels are converted into RF signals that are displayed as image pixel
brightness. Maximum T2 contrast is generally obtained by using a relatively long TE.

Figure 2-10 PD- and T2-weigthed recordings. A short TE and a long TR value produces PD contrast, a long TE and a long TR value produces T2 contrast.
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2.3 MRI Pulse sequences for TMJ recordings
All magnetic resonance recordings were performed on a 1.5 Tesla Philips
Intera MR scanner. The two receiver coils used are specially developed surface coils for TMJ recording and have a diameter of 12 cm. The coils are
attached to a head mounting plate, which fixes the head in order to minimize movement artifacts.

2.3.1 Spin Echo
The spin echo pulse sequence is the most commonly used pulse sequence.
The pulse sequence timing can be adjusted to give T1-weighted, proton
density, and T2-weighted images. Dual echo and multiecho sequences can
be used to obtain both proton density and T2-weighted images simultaneously.
The two parameters of interest in
spin echo sequences are the repetition time (TR) and the echo time
(TE). All spin echo sequences
include a slice selective 90° pulse
followed by one 180° refocusing
pulse (Fig. 2-11).
Figure 2-11 Spin echo pulse sequence.
Spin echo pulse sequences were used in order to obtain a survey of the
anatomy of the subject's head (Fig. 2-12). The recording time of the following sequence is relatively short and the scan itself not too noisy, which
allows the subject to accommodate to the sound of a MR scanner.
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Survey
Scan technique
Repetition time
Echo time
Scan mode
Flip angle
Signals averaged
Field of view
Relative field of view
Scan resolution
Image resolution
Scan percentage
Number of stacks
Slice thickness
Slice gap
Number of slices
Image plane
Scan time

Spin Echo (SE)
329 ms
17 ms
Multi slice
90°
1
220 mm
100 %
256
256
60 %
2
5 mm
1 mm
13
transversal
1 min 6 sec

Figure 2-12 Spin echo image of the head (transversal plane). The bean shaped capita
mandibulae are well visible (just before the ears). This image is compound of two
images recorded by the left and the right TMJ coils.
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2.3.2 Turbo Spin Echo
During a spin echo sequence a 90° RF pulse is followed by a single 180°
refocusing pulse. In turbo spin echo (TSE) imaging, multiple 180° refocusing pulses are performed with multiple resulting spin echoes. Each echo
has a different phase encoding value.
As the number of echoes acquired
after a 90° excitation increases, the
scan time decreases. The signal to
noise ratio also decreases and the T2
blurring increases. The maximum
Figure 2-13 Turbo spin echo pulse
number of refocusing pulses is limitsequence
ed by the true T2 decay (Fig. 2-13).
Turbo spin echo sequences are very useful for the acquisition of T2 weighted images of the TMJ. They are normally used in order to visualize a joint
inflammation because of the synovitis and therefore the presence of joint
effusion. The fluid appears as a very bright area while the rest of the anatomy remains relatively dark (Fig. 2-14).

Figure 2-14 T2 weighted image of
the TMJ (sagittal plane). The
inflammation is clearly visible as a
bright, banana shaped area below
the fossa temporalis.
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T2 weighted
Scan technique
TSE factor
Repetition time
Echo time
Scan mode
Flip angle
Signals averaged
Field of view
Relative field of view
Scan resolution
Image resolution
Scan percentage
Number of stacks
Slice thickness
Slice gap
Number of slices
Image plane
Scan time

Turbo Spin Echo (TSE)
9
1800 ms
95 ms
Multi slice
90°
6
130 mm
50 %
256
256
80 %
1
2 mm
0 mm
14
Oblique sagittal
4 min 8 sec
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Proton density weighted images based on turbo spin echo sequences yield
a good visualization of the anatomical structure of the TMJ. The contrast
between the hard tissues, the disc, and other soft tissues is quite high (Fig.
2-15). Furthermore, this sequence allows the acquisition of anatomical data
for both joints in the same time that is needed for the acquisition of the data
from only one joint.
Proton density weighted
Scan technique
TSE factor
Repetition time
Echo time
Scan mode
Flip angle
Signals averaged
Field of view
Relative field of view
Scan resolution
Image resolution
Scan percentage
Number of stacks
Slice thickness
Slice gap
Number of slices
Image plane
Scan time

Turbo Spin Echo (TSE)
8
3000 ms
30 ms
Multi slice
90°
4
130 mm
50 %
256
256
70 %
2
2 mm
0 mm
14
Oblique sagittal
4 min 29 sec

Figure 2-15 Proton density weigted
image of the TMJ (sagittal plane).
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Sometimes it is useful to depict not only the joint structures, but also the
surrounding anatomical soft tissues (Fig. 2-16). A sequence yielding a good
visualization of the muscle structure is listed below.
Masticatory Muscles
Scan technique
TSE factor
Repetition time
Echo time
Scan mode
Flip angle
Signals averaged
Field of view
Relative field of view
Scan resolution
Image resolution
Scan percentage
Number of stacks
Slice thickness
Slice gap
Number of slices
Image plane
Scan time

Turbo Spin Echo (TSE)
21
2300 ms
60 ms
Multi slice
90°
6
200 mm
100 %
256
256
70 %
1
3 mm
0 mm
33
Coronal, sagittal,transversal
5 min 58 sec

(a)
(b)
Figure 2-16 Turbo spin echo MR images of the TMJ and two of its muscles: pterygoideus lateralis (a) and pterygoideus medialis (b).
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2.3.3 Gradient Echo
The gradient echo sequences (called Fast Field Echo sequences (FFE) on
Philips systems) allow much shorter repetition times than the spin echo
sequences. They contain an extra variable to specify: the flip angle of the
spins (Fig. 2-17). The flip angle is
usually at or close to 90° for a spin
echo sequence but it commonly
varies over a range of about 10° to
80° with gradient echo sequences
(the shorter TR the lower the flip
angle). Reduced flip angles can
also be used to modify the conFigure 2-17 Gradient echo pulse sequence trast, which is mainly given by the
T2* relaxation
The fast field echo sequence is used at our institution as the standard
sequence for the recording of the anatomical structures of the TMJ both for
clinical and research applications. It records T1 weighted images.
Compared to the proton density sequence, the acquisition time is longer but
the procedure is more silent and therefore more comfortable for the subjects. The tissues are visualized in T1 weighted images with another brightness than in proton density images (Fig. 2-18). This difference can be used
when it is difficult to recognize anatomical structures on a T1 weighted

Figure 2-18 Gradient echo image (left) and proton density image of the TMJ (sagittal plane).
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image. Recognition of the anatomy is improved by viewing T1 weighted
and proton density weighted images of the same joint at the same time.
Therefore these two sequences complement each other very well.
T1 weighted
Scan technique
Repetition time
Echo time
Scan mode
Flip angle
Signals averaged
Field of view
Relative field of view
Scan resolution
Image resolution
Scan percentage
Number of stacks
Slice thickness
Slice gap
Number of slices
Image plane
Scan time

Fast Field Echo (FFE)
500 ms
17 ms
Multi slice
35°
4
130 mm
50 %
256
256
90 %
1
2 mm
0 mm
14
Oblique sagittal,corrected coronal
3 min 51 sec

Pseudo dynamical recording consists of taking several static images with
the condyle in different positions, i. e. for instance with the jaw at different
open degrees (Fig. 2-19). The subject bites on a wedge in order to stabilize
the mandible during the recording. A fast acquisition of one slice through
the joint is done while the subject remains immobile. The registration is
repeated changing the position of the wedge in order to obtain a new opening degree and the procedure repeated until a full movement cycle has been
simulated. Connecting all images of the joint together, a movie sequence
can be generated showing a pseudo motion of the joint. Therefore, this
sequence is called a movie. The image quality is far better than that of the
true dynamic TMJ recording (chapter 2.3.4), but it is impossible to register
dynamic events like the deformation or the recapturing of the disc during
joint clicking.
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Movie
Scan technique
Repetition time
Echo time
Scan mode
Flip angle
Signals averaged
Field of view
Relative field of view
Scan resolution
Image resolution
Scan percentage
Number of stacks
Slice thickness
Slice gap
Number of slices
Dynamic scans
Image plane
Scan time

Fast Field Echo (FFE)
Shortest (about 23 ms)
13.81 ms
Multi slice
30°
4
130 mm
100 %
256
256
70 %
1
3 mm
0 mm
1
14
Oblique sagittal
3 min 10 sec

1a

1b

2a

2b

3a

3b

4a

4b

Figure 2-19 Movie sequence of an opening cycle. The drawn contours of the anatomy in the images 1b, 2b, 3b, and 4b are corresponding to the anatomy in the images
1a, 2a, 3a, and 4a respectively.
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2.3.4 Echo Planar Imaging
Echo planar imaging is a very fast
imaging sequence. In contrast to the
FFE sequence, the entire set of 64 or
128 phase steps is acquired during
one acquisition TR. This is accomplished by rapidly reversing the readout or frequency-encoding gradient
(Fig. 2-20). Echo planar images
Figure 2-20 EPI pulse sequence
allow very short TR and are mostly
used in cardiac imaging and other
rapidly changing processes.
The achieved image recording frequency depends on the signal intensity of
the scanned object. Considering the heart, the contrast between blood and
muscles is very high. Therefore it is possible, to accelerate the recording
frequency. This leads per se to a loss of contrast, but the quality of the
image remains good due to the high degree of contrast between muscle tissue and blood. On the other hand, the contrast between the disc and the
bony structure of the TMJ is very low. For this reason a slower recording
frequency is required in order to obtain useful images (Fig. 2-21). The
sequence listed below has been introduced at our institution by Yunn-Jy
Chen [Cn00], further developed during this thesis, and achieves a frequency of up to 6 Hertz. For a good dynamic visualization the subject has to
open and close his mouth very slowly. Ten to 15 seconds for one full
open/close cycle yield a good result. In contrast to the movie sequence, it
is possible to register dynamic events, but unfortunately only slow ones. A
faster sequence is desirable but at the moment not available.
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True dynamic TMJ recording
Scan technique
Multi shot
Repetition time
Echo time
Scan mode
Flip angle
Signals averaged
Field of view
Relative field of view
Scan resolution
Image resolution
Scan percentage
Number of stacks
Slice thickness
Slice gap
Number of slices
Dynamic scans
Image plane
Scan time

Echo Planar Imaging (EPI)
23
60 ms
17 ms
2D
20°
4
140 mm
50 %
128
256
80 %
1
5 mm
0 mm
1
60
Oblique sagittal
29 sec

1a

1b

2a

2b

3a

3b

4a

4b

Figure 2-21 True real-time dynamic MR recordings of the TMJ during an opening
cycle. The drawn contours of the anatomy in the images 1b, 2b, 3b, and 4b are corresponding to the anatomy in the images 1a, 2a, 3a, and 4a respectively.
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As mentioned before, only one oblique sagittal slice is recorded using this
pulse sequence. Therefore, the condyle may disappear from the slice during
jaw opening/closing if the corresponding image plane is not optimal adjusted along the movement direction. Thus, we used the following two
methods to adjust the image plane :
· two series of survey images (like Fig. 2-12) are recorded showing the
joint in a closed and in a maximal opened position. The image plane of
the oblique sagittal slice is then adjusted based on the location of the two
condyles;
· a preceding true dynamic TMJ recording in an oblique transversal image
plane (Fig 2-22) is performed. During the recording, the subject has to
open and close his mouth very slowly as mentioned above. The oblique
sagittal slice follows then the movement of the condyle.
However, multi slice recordings that require less precise adjustment than
single slice recordings can also be performed, but with a lower sampling
rate than single slice recordings.

Figure 2-22 Oblique transversal image plane
(yellow line) used for a preceding true dynamic TMJ recording that is needed to adjust the
oblique sagittal image plane.
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2.4 Perspectives
TMJ images of good quality can be achieved using the listed MRI pulse
sequences and a 1.5 Tesla scanner. However, there is still a need for images
with a higher resolution, more contrast, and faster acquisition time. Using
the given equipment, a Philips 1.5 Tesla scanner and TMJ surface coils of
12 cm diameter, only small improvements in the image quality are still possible, as our tests have shown. For this reason, we tested, whether or not
the image quality can be improved further more with an other MR equipment.
The resolution and quality of an image depends on different factors for
instance the strength of the magnetic field and the diameter of the surface
coils. Concerning the surface coils, the image quality improves with smaller coil diameters. However, this decreases the body volume that can be
scanned. Experiments with finger coils (diameter of 2.3 cm and 4.5 cm)
showed a better image quality, but only for the slices close to the surface.
Considering the loss of information for the medial part of the joint, the
improvement of the image quality at the surface does not justify a switch
from TMJ coils to finger coils.
Theoretically, an improvement of the image quality could be obtained by
using a 3.0 Tesla scanner. Unfortunately, at the moment there are no small
coils available for TMJ measurements using a scanner of higher magnetic
field. Thus, we were not able to test if this in reality does occur.
The acquisition time shortens by using a second recording coil. For this
purpose, Philips offers the SENSE technique [Pr01, We00], which enables
the use of up to 6 coils and, therefore, makes the scanning up to 6 times
faster. However, this technique cannot be applied to the TMJ. Due to the
small size of the TMJ, there is no space for more than one surface coil with
the appropriate size.
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In conclusion, a good image quality is achieved by using the Philips Intera
1.5 Tesla scanner, surface coils with a diameter of 12 cm and the listed
pulse sequences. Large improvements in the image quality can only be
expected by switching to a scanner with a higher magnetic field (3.0 Tesla,
for instance).

3 Dynamic stereometry
Dynamic stereometry combines anatomical data with motion data and
analyses the resulting animations. The software package used for this purpose includes the reconstruction of the three-dimensional anatomy from
magnetic resonance images. The segmentation, reconstruction and visualization of the anatomy was re-developed. The principle of the animation
remained the same but the existing analysis tool was modified and new
ones are added. This chapter describes the enhancements of the dynamic
stereometry program.

Figure 3-1 Dynamic stereometry: segmentation (top left), path of minimal distances,
kinematic center, superimposition of joints (bottom left), reconstructed joint.
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3.1 Introduction
A big progress in visualization of TMJ mechanics was the combination of
anatomical data obtained by MRI recordings with jaw tracking data (Fig. 32). This combination was done by a self-developed program running on a
powerful graphical workstation [Kr97, Kr95]. For the first time it enabled
the in vivo observation of the TMJ's bone mechanics in all three dimensions. Thus, it was possible to perform a number of research projects using
this tool and to broaden the knowledge about TMJ mechanics.

Figure 3-2 Three-dimensionally reconstructed and animated TMJ. The pseudocolors indicate for each point its minimum distance to the fossa.

Since 1997, computer operating systems and architectures have substantially evolved. On one hand this development brings improvements such as
faster calculations, more complex three-dimensional models, and smoother
motions. On the other hand, it makes the software rapidly incompatible to
new operating systems and hardware platforms. In our work we first tried
to convert the existing source code to the actual operating system, but we
realized that a big part of the program had to be completely rewritten. For
example the existing software was based on the graphic library IRIS GL. In
the second part of the nineties, SGI switched to the graphic library
OpenGL. However, the structures of IRIS GL and OpenGL are incompatible. Furthermore, the existing software used low level system commands in
order to implement the graphical user interface. Nowadays, all software
development kits offer fast and easy visual development tools. Along with
easier graphic user interface development increased the expectations for
user-friendliness.
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For all these reasons we decided to rewrite the software. The following
points have been changed with respect to the original software:
· the software is now programmed as independent as possible from operating system and hardware using C++ and cross platform libraries like
OpenGL, OpenInventor and FLTK;
· the treatment of the MR pictures has been improved for a more precise
segmentation;
· the result of the segmentation is visualized in real-time on the 3D model;
· the program allows to visualize, compare and export trajectories of one
ore more points of interest for different movements;
· different three-dimensional reconstructions of the same joint can be
superimposed very precisely.
In contrast to the reconstruction of the TMJ, the basic concept of its animation remains unchanged. TMJ movements are recorded with six degrees of
freedom by means of an opto-electronic tracking system. Since the two systems (MRI and jaw tracking) use different coordinate systems, a common
reference system is required in order to combine the three-dimensional
reconstructed anatomy and the motion data of the TMJ. The resulting animation provides a complete kinematical description of the joint and can be
watched from any viewpoint. Furthermore, the animation can be analyzed
quantitatively.

3.2 SOFTWARE ARCHITECTURE
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3.2 Software architecture
The used programming language was C++, a platform independent language but close to the operating system, thus allowing fast operations.
The OpenGL® application programming interface (API) was chosen for the
two- and three-dimensional visualization [www.opengl.org]. This routine
library is widely used and supported across all popular desktop and workstation platforms.
Although the OpenGL® API enables sophisticated visualizations, it is a
low-level graphics library. It makes available to the programmer a small set
of geometric primitives (points, lines, polygons, images, bitmaps) and commands that control how these objects are rendered into the frame buffer. In
order to reduce the programming effort, an additional object-oriented 3D
toolkit was introduced: Open Inventor [We94, www.sgi.com]. It is a library
of virtual objects and handling methods used to create interactive 3D
graphics applications. If the included tools for X windows (the graphical
user interface (GUI) for UNIX®) are not used, Open Inventor is as platform
independent as OpenGL®.
The GUI was provided by FLTK [www.fltk.org], which is platform independent and supports 3D graphics via OpenGL®. FLTK also includes an UI
builder called FLUID, which can be used to create applications in a simple
way.

Figure 3-3 Software architecture of the dynamic stereometry program.
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By using the mentioned libraries it was possible to write the dynamic stereometry program for SGI® IRIX® (UNIX®) and Microsoft® Windows®
workstations. However, after few changes, especially of compiler instructions, the program could run on other platforms that support C++, OpenGL,
Open Inventor, and FLTK. However, this has not been tested yet.

3.3 PROCESSING OF MR IMAGES
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3.3 Processing of MR images
3.3.1 Contrast
The depth of MR raw data is 12 bits, of which the two least significant are
mostly noise. However, the data are converted to 8 bit grayscale images. In
order to get as much information as possible from the converted images, the
contrast has to be optimized. This is done by the adaptive histogram equalization.
(3.1)
'I' denotes the actual 12 bit intensity, 'Imin' the smallest intensity of the
image, 'Imax' the highest one. This transfer function H implements linear
image scaling between the minimum and the maximum image intensities.
The range [Imin … Imax] is mapped to [0 … 255]. Normally the images
are stored in the 8 bit grayscale SGI image format.

3.3.2 Rescaling
Using the T1 weighted MR pulse sequence presented in chapter 2.3.3, the
images of the TMJ are dimensioned with a resolution of 0.5 × 0.5 mm2 per
pixel. Due to the small size of the TMJ, the whole joint is located in an area
of about 50 × 50 pixels. A precise manual segmentation in this small area
is impossible. Therefore, the images have to be enlarged two up to eight
times. For this purpose, the existing software used a bilinear interpolation
[Kr97]. This algorithm is fast, but for larger rescaling (more than two
times) the algorithm shows obviously its disadvantage: the images get
blurred (Fig. 3-4). For this reason, a slower but better algorithm has been
implemented based on the two-dimensional Fast Fourier Transformation
(2D FFT).
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Figure 3-4 Rescaling four times of the same image. Left: bilinear interpolation, right: fast fourier transformation.

The 2D FFT of an image with N × N pixels is defined by [Ba04, Me00,
Br97, Si95]:
(3.2)
The quantity in brackets is a 1D N-element FFT on each column, with the
column replaced in situ by its FFT. The outer sum corresponds to similar
1D FFTs on the resulting rows. The 1-D Fourier transform for a discrete
time signal fk is given by:
(3.3)
where
(3.4)
Assume that N is even (N = 2M), the sum in (3.3) can be divided into even
and odd parts:
(3.5)
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Since
(3.6)
the formula (3.5) can also be rewritten as follows
(3.7)
Each of these sums will be recognized as an M-element FFT. It is useful to
define separate FFTs of the even and odd terms as
(3.8)
(3.9)
where the superscripts denote even and odd, respectively. Thus, the desired
N-element FFT can be computed by the two equations
(3.10)
(3.11)
If N is a regular power of 2, this halving process can be applied recursively until trivial 1 point transform.
After the Fast Fourier Transform the image has
still the same number of pixels, but now they
consist of complex k-space values. An easy way
to scale the image without loss of information is
the creation of new pixels around the original
data [Si95] (Fig. 3-5). The values of these new
pixels are set to zero. Transforming the new
image back by means of the FFT algorithm, a
scaled image is obtained with complex intensity values. The absolute value function yields the
desired scaled image with real grayscale values.

Figure 3-5 Appending 0’s
to the FFT to obtain the
expanded frequency transform [Si95].
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3.3.3 Pseudo colors
Another new implemented option is the pseudo
color function (Fig. 3-6). This function does not
produce more information than the grayscale
image, but it displays this information in a different way. For each grayscale value, a unique color
is defined in a look-up-table (LUT). There are different possibilities, to define a LUT. For this work, Figure 3-6 MR image in
pseudo colors
the red, green and blue parts of this color are
defined by the equations below.
(3.12)
(3.13)
(3.14)
'n' denotes the maximal grayscale value and 'i' the actual grayscale value.
The different areas of an image with similar grayscales can be separated
quite clearly by means of this function. However, if the result is not satisfying, the threshold of the different colors can be changed in order to get a
more useful image.
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3.4 Segmentation, reconstruction, three-dimensional
visualization
3.4.1 Overview
The existing software [Kr97] consisted mainly of three programs, one for
the segmentation of MR images, one for the reconstruction of the threedimensional objects and one for the animation and visualization of the
objects. There was no direct connection between the programs for the segmentation and the visualization. The data exchange was performed by different files.
The disadvantages of this system are as follows:
· the time required for a segmentation, the reconstruction and the correction of the errors that can occur during a segmentation, is quite long due
to the permanent changing of the programs;
· each single point has to be set manually;
· the order of the contour points is fixed; there is no way to add points
between two existing ones except by redrawing all points;
· the objects can only be visualized after a complete segmentation; thus it
can be difficult to eliminate a segmentation error;
· the algorithm that builds the three-dimensional object is not completely
error free; in particular, two distinct objects segmented very close to each
other can sometimes overlap after reconstruction.
We designed a new reconstruction program to solve the mentioned disadvantages, improve speed execution, and visualize in real-time the reconstructed objects during segmentation. Furthermore we tested automated
segmentation routines.
The basic idea of the new segmentation and reconstruction method changed
completely. The old reconstruction program created a three-dimensional
object from two-dimensional contours based on B-splines. The new pro-
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gram works the opposite way. An existing standardized three-dimensional
TMJ model is projected onto two-dimensional MR or CT images. Based on
these images, the user adapts the contours to the anatomy on the MR
images. The contours are drawn by means of Bézier curves instead of Bsplines. These have the advantage that the control points are located directly on the contour of the anatomy and not outside or inside them, such as in
B-splines. This makes the segmentation easier. Furthermore, the changes
are displayed simultaneously in the three-dimensional model, which permits to find and correct segmentation errors rapidly.

3.4.2 Automated segmentation routines
To date, there are mainly three types of algorithms for an automated segmentation of anatomical objects from grayscale images [De02, Pi93]:
· point-based algorithms;
· edge-based algorithms;
· region-based algorithms.
Point-based algorithms
Point based algorithms use only the grayscale or color value of a single
pixel for its segmentation. The neighboring pixels are neglected. These
algorithms are very simple and fast, but they need images with high contrast and low noise level. Otherwise too many objects may be segmented or
the resulting model may contain holes.
Edge-based algorithms
An edge is defined as a fast intensity change in the image. Thus, edge-based
algorithms are independent of differences in brightness due to different illuminations. Only related pixels are evaluated. However, these algorithms are
very sensitive to noise. Noise can cause edges although there are not any.
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Better algorithms are active contours or snakes (Fig. 3-7). The
snake routine starts from a predefined contour lying around the real
contour. Step by step this contour is
adjusted to the real contour by following rising gradients. In order to Figure 3-7 The snake algorithm adjusts a
achieve good results, the starting predefined contour to the real contour.
contour should be as close as pos- [It98]
sible to the real one. If the starting
contour is too big, the real contour cannot be found or the resulting contour
does not converge. However, errors due to noise are possible too.
Region-based routines
Region-based routines divide an image into regions and classify pixels as
inside, outside, or on the boundary of a structure based on its location and
the surrounding regions (Fig. 3-8). For this
purpose, the routines calculate a new value
for some pixels based on the values in a
local, typically small, neighborhood. This is
usually implemented through a linear or nonlinear filtering operation. The transformation
may be applied at every pixel in the image, or
just at some selected number of pixels. The
Figure 3-8 Region based algopixels are merged to regions depending on
rithms divide the image in difsome uniformity criterion. This criterion is ferent areas. [Se03]
based on some region property which will be
defined by the application, and could be one
of many measurable image attributes such as mean intensity, color, texture
etc. Uniformity criteria can be defined by setting limits on the measured
property, or by using statistical measures, such as standard deviation or
variance. However, the contour of the resulting regions is always closed.
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Regions can be defined by
· merging: neighboring regions are compared and merged if they are close
enough in some property;
· splitting: large non-uniform regions are broken up into smaller areas
which may be uniform;
· splitting and merging of regions until they are uniform;
· seed points; starting at certain points, regions are built and merged
around them as long as they are uniform.

Automated segmentation of the TMJ
Point based algorithms fail to segment the TMJ. The MR images contain
too few contrast and they are too noisy.
Edge based routines can not be used without additional effort. Too many
wrong objects are detected. Of course, the user could select the right ones.
However, tests have shown that no combination of the detected objects did
match the real contour, or only insufficiently.
Using the same sample images, tests of snake
algorithms [It98] have shown absolute useless
results (Fig. 3-9). The contrast of the MR
images is not high enough in order to allow the
use of these routines.
Figure 3-9 The snake algoRegion based routines [Se03] have no success rithm fails to segment the
either. Too many objects are detected and the condyle (left: initial, right:
user has to decide which of them are useful final).
and which not. Due to the small contrast and
the small differences of intensity, incorrect regions are detected. The result
does not get better by increasing the contrast, because the noise increases
too.
In conclusion, there is at the moment only one practicable solution, i.e. to
project a standard object to the MR images and to correct the resulting contours manually by the user.
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3.4.3 The standard TMJ model and its projection
The standard model should represent the most common TMJ, in order to
minimize the work, which is needed to adjust it individually (Fig. 3-11).
Such a model has been created in an empiric way based on a series of
reconstructed asymptomatic TMJs. However, this standard model can be
replaced at any time just by replacing the corresponding file.
The standard model consists of polygons with 3 or 4
vertices. In order to find the intersections between the
polygon lines and a certain MR image, all polygons
are detected, whose vertices are located on both sides
of the image plane (Fig. 3-10). The intersection i
between the image plane with the z-coordinate zp and
the line l, defined by the two vertices a and b of a Figure 3-10 Interpolygon, is calculated by the formula
sections between the
(3.15)

image plane (blue)
and the polygons of
the standard model

Figure 3-11 A standard model of the TMJ is projected onto the MR images basically
by means of formula 3.15 and the Graham Scan algorithm.
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(a)

(b)

(c)

(d)

Figure 3-12 The Graham’s Scan algorithm. The points (a) are sorted by their angle
relative to an extreme point (b). The result is a star-shaped polygon (c). The convex
hull is built by marching around the star-shaped polygon, adding edges when the hull
remains convex, and rejecting edges when the hull has a concave part (d). [La03]

The Graham’s Scan algorithm [Gr72, Pr85] is used to find the sequence of
the points for closed objects (Fig. 3-12). First, the points are sorted by their
angle relative to an extreme point that is guaranteed to be on the hull. A
convex hull around all points is then calculated in the following way.
Beginning at the first two points p0 and p1, the algorithm checks for each
new point if the hull remains convex by means of the parameter c:
(3.16)
If c is bigger or equal to zero (i.e. the hull remains convex), the new point
is added. If not, the last added point is rejected and c is calculated again.
Usually the object (condyle or disc, for instance) is not convex. Therefore
the rejected points are later added again depending on their distance to the
hull, and under the condition that the polygon representing the hull has no
angle bigger than 60°, in order to obtain a smoother surface.
The user can move the points as desired. This causes a correction of the
standard model. However, if the user is moving a projection point located
between two original points, it is unknown how to move the original ones.
There are different possibilities like locking one of them and moving only
the other one, or moving both equal, or moving one more and the other one
less depending on whatever, etc.
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For this reason, the program has not only a three-dimensional to twodimensional projection routine. It has also the inverse. As long as the user
is changing the size, position and orientation of the three-dimensional
model, the program changes the three-dimensional model and projects it to
the images again. At the moment the user changes only a part of the object,
a single point or a single slice, the three-dimensional model is discarded
and a new three-dimensional model is created based on the projected and
changed points.
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3.4.4 Segmentation
The segmentation window shows the MR images and the projected points
of the three-dimensional object (Fig. 3-13). The contour of the object is
drawn by means of Bézier curves. A Bézier curve x(t) of the order n is
defined by the polynomial [Gr02, Fa93, Ho92]
(3.17)
with the Bernstein polynomials B
(3.18)

The coefficients bi are the control points
of the Bézier curve. The coefficients of
the lowest and the highest power are the
end points of the curve. The curve goes
through these points, but not through all
other control points except in the trivial
case of a straight line.
The combination of different Bézier
curves is called spline. For the correct
visualization of splines, the Bézier curves
have to contain at least one turning point.
Only polynomials of order three or higher meet this condition. Therefore, the
used Bézier curve is of order three and
defined by the formula

Figure 3-13 Segmentation of the
TMJ based on MR images. The segmented objects are the bony structures and the disc (pink).

(3.19)

3.4 SEGMENTATION, RECONSTRUCTION, VISUALIZATION

65

The points pn that are defined by the user during a segmentation represent
the end points of the corresponding Bézier curves. For the calculation of
such a curve, two additional control points between the end points are needed (Fig. 3-14). The line from one end-point to its neighboring control point
represents the tangent of the curve in the end point. The number of control
points (including the end-points) is normally one higher than the order of
the curve.

Figure 3-14 Calculation of the control points ca and cb.

For each point pn of the spline a "control point before" cb,n is calculated,
which belongs to the curve with the point pn-1, and a "control point after"
ca,n is calculated, which belongs to the next curve with the point pn+1. The
vector from the point pn to cb,n, i.e. the tangent of pn, is parallel to the line
(pn+1 - pn-1). The distance between pn and cb,n is one third of the distance
between pn and pn-1. The control point ca,n is calculated similarly to cb,n.
This is just one possible method. The distance between the control points
and pn may be changed and the direction may be calculated perpendicularly to the bisector of (pn-1, pn, pn+1). However, the chosen method is satisfying, faster and similar to the routine used for the three-dimensional reconstruction (see below).
For a smooth contour, the spline has to be continuous in the endpoints.
Therefore, the ratio of the distances between the control points is given by
the formula
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(3.20)
Furthermore, the two control points and pn have to be located on the same
line. This is ensured by the calculation explained above.
The spline can be drawn now based on the control points. The de Casteljau
algorithm [Gr02] is an iterative method to calculate points on a Bézier
curve (Fig. 3-15).

Figure 3-15 The de Casteljau algorithm calculates the points
on a Bézier curve by iterative interpolation.

The control points are called b0, b1, b2 and b3 and correspond to pn, ca,n,
cb,n+1, and pn+1 respectively. b0 and b3 are located on the curve. The relative distance from b0 to b3 is 1. This means b(t=0) = b0 and b(t=1) = b3. At
first, the control points are connected by lines. These lines are divided by t.
The resulting points b0', b1', b2' are connected by lines and divided again.
And so on, until only one point remains b0'''. This is the searched point of
the Bézier curve.
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3.4.5 Reconstruction
Triangle mesh
Usually, the 3D objects are based on a mesh of
polygons with three or four vertices. The vertices are defined during the segmentation and
therefore in correct order for each slice. To
build three-dimensional polygons, the nearest
points pn and qm of two neighboring slices are
searched first (Fig. 3-16). The third point for a Figure 3-16 Triangle mesh:
triangle (pn+1 or qm+1) is selected depending on the triangle including the
bigger α is selected.
the angle it forms with pn and qm. For a
smoother rendering, the bigger angle is selected. This algorithm continues
until the last segmented points of both slices are reached for an open contour, or until pn and qm are reached again for a closed contour.
By means of the this algorithm a contour gets closed only in two dimensions like a pipe. Two additional covers are needed in order to close the
object in all directions. The cover is build by all points of the outermost
slice and one additional point. This point is located outside of the segmented object. The position of the point is defined by the center of the rectangle
surrounding all points of the outermost slice. The distance to the outermost
slice has to be smaller than the distance between two slices. Furthermore
the distance depends on the size of the surrounding rectangle. If the points
are spread over a bigger area, the point has to be further away. Arc tangent
of the size of the surrounding rectangle multiplied by an empiric value is
the used function in order to calculate the distance.
Normals
Normals are required for the lightening of a three-dimensional object. At
least one normal for each triangle has to be calculated by means of the vector product. However, the visualization of the object gets smoother, if each
point of the triangle mesh has its own normal. It is the mean normal of all
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Figure 3-17 The normal of a
point is the mean vector of all
normals of the surrounding triangles, scaled by α.

surrounding triangle normals, which are scaled each one by a factor proportional to the corresponding angle αi of the triangle (Fig. 3-17).
(3.21)

Refinement
The reconstructed object is still very rough. For a smooth surface a refinement is required. Bézier surfaces are chosen for this purpose. The border of
the Bézier surfaces are identical to the Bézier curves obtained by the segmentation. The vertices of the triangles are part of the control points lying
directly on the surface. The other control points needed for a Bézier surface
are outside the surface and act like magnets tightening and deforming the
surface.
The mathematical definition for triangular Bézier surfaces is
(3.22)
with
(3.23)
i + j + k = n,

i, j, k ≥ 0,

u + v + w = 1,

u, v, w ≥ 0
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bi,j,k denote control points and u, v, w are barycentric coordinates of a
point p somewhere inside the surface.
The used Bézier surfaces have order
3. Ten control points are required for
their calculation (Fig. 3-18). Three of
them are the segmented vertices.
Further six are located on the border
and one is placed in the center.
The calculation of the control points Figure 3-18 Control points of a Bézier
on the border is illustrated by point surface of order 3. [Gr02]
201 (Fig. 3-19). The line between the
points 300 and 003 is divided by three. A new line is calculated, which
intersects the first line after one third of the distance, and which is perpendicular to the tangential plane of point 300. The intersection between the
new line and the plane defines the searched control point.

Figure 3-19 Calculation of the control point b201. [Fa93]

If the length of the normals is 1, the calculation for point 201 is
(3.24)
with
(3.25)
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The calculation for the other control points is similar.
The point in the center is defined as follows
(3.26)
with
(3.27)
(3.28)
The continuity between the triangle surfaces is guaranteed by this method.
The control points on the border of neighboring triangles are the same.
Furthermore the control points neighboring to a certain vertex are in the
same tangential plane of this vertex.
The surface is not calculated continuously. The method above is used only
in order to generate smaller triangles. The user defines the degree of the
refinement, i.e. how small the triangles have to be. The calculation of the
vertices of the new triangles is done by the de Casteljau algorithm. It is similar to the two-dimensional one. The vertices and control points are connected by lines building triangles (Fig. 3-20). The vectors of two sides of a
triangle are called u and v. The coordinates (su, tv) define a new point in

Figure 3-20 De Casteljau
algorithm on triangles: a
point on the surface is calculated by iterative linear interpolation. [Gr02]
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each triangle. The variables s and t have a range from 0 to 1. The points are
connected by lines again, building new triangles. Thus, the algorithm
reduces the number of triangles until only one remains. The searched new
vertex is located inside the last triangle and has the coordinates (su, tv).
Additional normals
The normals belonging to the new vertices of the surface are calculated by
square interpolation based on the normals of the vertices. A linear interpolation is insufficient when the Bézier surface has a turning point in one border curve (Fig. 3-21). Smaller partial deformations can not be shown correctly in this way.

Figure 3-21 Linear interpolation
(upper curve) fails to calculate the
normals for a curve containing a
turning point. Therefore, quadratic interpolation (lower curve) is
required.

The normals are calculated by means of the de Casteljau algorithm again.
The control point mesh, on which the algorithm is based, has a degree of
two, i.e. six control points or normals respectively. Three of these control
points are the edge normals, the three others are located in between. The
calculation of the normals is illustrated by n101.
(3.29)
with
(3.30)
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3.5 Animation of the temporomandibular joint
The animation is based on the combination of
anatomical data obtained by MR scans with
motion data obtained by jaw tracking (Fig. 3-22).
Because this is the same principle as implemented in the first software release, the following section is only summarizing. For details see chapter
2.5 and 2.6 of Krebs' thesis [Kr97].
For the acquisition of the motion data, six light Figure 3-22 Animated
emitting diodes are disposed on the vertices of condyle
two triangular target frames. These are rigidly
connected to the maxillary and mandibular dental arches by means of custom made metal splints. The splints do not interfere with the dental occlusion.
The two triplet of LEDs define body attached coordinate systems, one for
the head and one for the mandible. For each time step of a recording the
transformation matrix
(3.31)
can be calculated, which defines the relative position of the mandible to the
head.
For the animation of anatomical data obtained by MR scans with jaw tracking data, the coordinate systems of both recording systems have to be combined. Therefore a face bow builds a reference device. Each side of this
face bow contains three reference spheres and three reference LEDs. The
LEDs are used for jaw tracking. They are removable, because no ferromagnetic parts are allowed in MR scanners. The spheres are filled with a MR
contrast medium (Magnevist). On the MR images the spheres are visible as
white circles. The three-dimensional geometric relationship of the LEDs
and the spheres is precisely measured by means of a three-dimensional
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coordinate measuring machine (Contura, Carl Zeiss).
The face bow is fixed to a custom made acrylic monobloc. By biting on the
monobloc, the subject can firmly hold the face bow in a reproducible position.
During the MR recording session, images of the anatomy are taken as well
as images of the reference spheres. The position and orientation of these
MR slices is stored in the recording protocols. The position of the spheres
within the MR stack is found by means of the 3D convolution
(3.32)
Using these data, the three-dimensional geometric relationship between the
anatomy and the reference spheres can be calculated.
The subject has to carry the face bow again at the first jaw tracking measurements. The first reference measurement is done with face bow and
monobloc in order to measure the geometric relationship between the three
LEDs fixed to the face bow and the three LEDs fixed to the maxilla. A second measurement without face bow but with monobloc finds the geometric
relationship between the LEDs fixed to the mandible and the LEDs fixed to
the maxillary.
Matrix transforms are used in order to switch from one coordinate system
to the other one.
(3.33)
The combination of 3.31 with 3.33 yields the needed animation matrix.
(3.34)
It is applied to the condyle and other objects moving solidarily to the
mandible.
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3.6 Analysis
3.6.1 Trajectories
The movement matrixes are used for the animation of the condyle as well
as for the animation of any point moving solidarily to the condyle. The path
of this point during a motion, i.e. its trajectory, can be visualized and
exported to an Excel® file (Fig. 3-23). For the same point, the trajectories
of different movements can be shown and compared.

Figure 3-23 Trajectories of different surface points of the condyle
(left) and kinematic center (right). The size of the cubes indicate the
coincidence of the two trajectories for a point at this position.

Conversly, it is also possible to search a point, whose trajectories are similar for different motions. The kinematic center, for instance, is defined by
the coincidence between its opening-closing and protrusion-retrusion
paths. In order to find such a point, a lattice is defined around the condyle.
For each point of the lattice, the sum of the minimal distances between the
two trajectories indicates the coincidence of the trajectories (Fig. 3-23).
The point with the minimal sum represents the point with the best coincidence of the trajectories.
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3.6.2 Intra-articular distances
A further method to analyze the animation of the temporomandibular joint
is the calculation of the intra-articular distances. They are usually calculated for every time step of the motion between the condyle as object and the
fossa as reference.
At first the minimal distances between every vertex of the condyle polygon approximation to any
vertex of the fossa polygon approximation are
searched. The results are stored in distance maps,
indicating for each time step and each surface
point of the condyle, how far away it is located
from the nearest fossa surface point. These maps
can be visualized by means of pseudo colors
(Fig. 3-24). The colors start at red for 1 mm or
less, go through yellow and green until they
reach blue for the maximum of 12 mm. Each vertex of the condyle is shaded with the corresponding color. The complete animation displays the
between the articulating surfaces of the joint.

Figure 3-24
Pseudo
colors indicating the
distance to the fossa.

changes of the distances

Furthermore, the location and the length of the
mean minimal distance is calculated for each time
step of an animation. The user can define how
many minimal distance segments have to be used
for this calculation (Fig. 3-25). Due to the convex
geometry of the condyle, the condylar vertex of
the mean minimal distance is usually located
inside the model. Thus, the vertex is projected
onto the condylar surface along the direction of Figure 3-25 Thirty minimal distances
the mean minimum distance vector.
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The path of the mean minimal distances is
obtained by connecting the corresponding vertices
at all time steps (Fig. 3-26). Being this path affected by strong geometrical noise, it is filtered using
low-pass algorithms. The single minimal distances, the mean minimal distances and their path
can be visualized and exported to an Excel® file.
Figure 3-26 Path of the
mean minimal distances
(the coil indicates the
actual position).

3.6.3 Registration of temporomandibular joint models
Sometimes it is useful to visualize different measurements of the same joint simultaneously and to
superimpose them. For instance this can be done
before and after a surgery in order to compare the
joint positions (Fig. 3-27). Usually it is not possible to superimpose two objects exactly due to different segmentations. Therefore, it is necessary to
find a translation and a rotation that minimizes the
sum of the square of the minimal distances
between the two objects. The Trimmed Iterative
Closest Point algorithm [Cv02] offers this possibility.

Figure 3-27 Joint positions 3 days after a sagittal
split surgery (yellow) and
3 months later.

Consider two sets of 3D points P = {pi}Np and M = {mi}Nm. Usually the
numbers of points are different Np ≠ Nm. Not all points of P have a correspondence in M. However, there is a minimum of points Np0 = ξNp, for
which a correspondence can be found. (ξ = [0..1]).
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If ξ is less than 1, what is usually the case, the models have to be pre-registered by the user. However, the initial alignment can be fairly rough:
TrICP has been successfully applied to the initial relative rotations of up to
30°.
The Euclidean motion from one data set to the other one is defined by the
rotation matrix R and the translation vector t
(3.35)
The minimal distance for a single point of the datasets is
(3.36)
with
(3.37)
The squared individual distances are sorted by size. The ideal motion minimizes the sum S0 of the least Np0 squared individual distances.
(3.38)

Algorithm 1: Trimmed Iterative Closest Point
1. For each point of P, find the closest point in M and compute the individual distances (di)2 (3.36).
2. Sort (di)2 in ascending order, select the Np0 least values and calculate
their sum S0 (3.38).
3. If any of the stopping conditions (see below) is satisfied, exit; otherwise, continue.
4. Compute for the Np0 selected pairs the optimal motion (R, t) that minimizes S0.
5. Transform P according to (R, t) (3.35) and go to step 1.
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The stopping conditions are
(1) the maximum allowed number of iterations has been reached, or
(2) S0 is sufficiently small, or
(3) the relative change of S0 is small enough.
The value of the overlap parameter ξ, which is usually unknown, can be set
automatically by minimizing the objective function
(3.39)
λ is a preset parameter with a positive value, normally 2. Fife to eight iterations are sufficient to locate the minimum of the objective function.
The Trimmed Iterative Closest Point algorithm always converges monotonically to a local minimum. Convergence to global minimum depends on
the starting point. Therefore, the TrICP usually runs several times at different conditions, to avoid local minima.
The optimal motion in step 4 is computed by the unit quaternion method
due to Horn [Ho87]. A quaternion is a generalized complex number consisting of four components with three imaginary quantities i, j, and k.
qr = (r, xi, yj, zk)

(3.40)

The rules for combining these imaginary quantities are
(3.41)
(3.42)

This is sufficient to define the operation of multiplication. Quaternion multiplication does not commute.
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Figure 3-28 Rotation expressed by a quaternion qr = (r, xi, yj, zk).
r = cosα, x = v1sinα, y = v2sinα, z = v3sinα.

The conjugate of the quaternion qr is defined as
qr* = (r, -xi, -yj, -zk)

(3.43)

and the absolute value of qr is the non-negative real number defined by
(3.44)
A rotation (Fig. 3-28) defined by the rotation matrix R is equivalent to a
rotation expressed by a quaternion
(3.45)
with
(3.46)
In order to find the optimal rotation and translation to superimpose the two
data sets, the minimum of the following equation is searched
(3.47)
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Algorithm 2: Calculation of rotation and translation by quaternion
1. Calculate the centers ps and ms of the datasets P and M
2. Calculate the cross covariant matrix
(3.48)
3.

Create the following matrix
(3.49)
with
of the matrix

4.
5.

The eigenvector of the highest eigenvalue of this matrix is the searched
quaternion.
The translation t is
(3.50)

4 OPTIS
The use of the existing opto-electronic tracking system Jaws3D has proved
to be successful in recording jaw motion. Based on the principles of this
system, a new opto-electronic tracking system has been built, in order to
optimize and extend the current functions. The new tracking system is
called OPTIS. This chapter describes the differences between the two systems and explains the workings of OPTIS. In the course of writing this thesis, OPTIS was not completely finished. Therefore, the process of validation has to be performed at a later date.
4.1
4.2
4.3
4.4

Introduction
Jaws3D
New features of OPTIS
Hardware
4.4.1 The camera
4.4.2 Signal processing electronics
4.5 Software
4.5.1 OPTIS Controller
4.5.2 OPTIS Viewer

Figure 4-1 One of the OPTIS cameras
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4 OPTIS

4.1 Introduction
Jaws3D, an opto-electronic tracking system developed in the middle of the
eighties, records and analyses movements of the mandible including the
temporomandibular joint (TMJ) in all six degrees of freedom [Me86]. It
was introduced for clinical research and diagnosis. A lot of studies have
been performed by using this system showing numerous, previously
unknown or unconfirmed, aspects of TMJ kinematics.
Although this system has proved to be successful in general, nevertheless
it has a number of disadvantages. One of these is the precision of the system [Ai94]. The position of the detected LED is determined by identifying
the CCD element or pixel that is at maximum intensity. There is no algorithm implemented for obtaining subpixel precision. Therefore the recorded movements have a relatively high noise. Another disadvantage is the relatively low sampling rate. The system is too slow for detecting fast transient kinematical effects such as those that can be observed in clicking
TMJs, for instance.
The two mentioned features and additional ones listed below, stimulated
the development of OPTIS, a new opto-electronic tracking system. This
system also uses linear cameras, but its architecture is completely new. In
order to show the similarities and the differences between the two systems,
the following section first summarizes the functioning of Jaws3D.
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4.2 Jaws3D
Jaws3D [Me85] consists of three linear cameras recording the position of
six light emitting diodes (LED) that flash sequentially (Fig. 4-2). Three
LEDs fixed at the extremities of a small electronic board, called a target
frame, define a coordinate system. Two boards
are used, one rigidly connected by means of a
custom made metal splint to the maxillary
dental arch and the other similarly connected
to the mandibular dental arch. The splints do
not interfere with the dental occlusion. The
cylindrical lenses of the cameras transform a
point light source into a line, which is perpendicular to the direction of the linear charge
coupled device (CCD) array. The allocation of
three cameras along the axis of an orthogonal
coordinate system enables the measurement of
the three-dimensional position of each LED.
The cameras are not able to identify a single
LED when all six are flashed at the same time. Figure 4-2 Jaws3D: metal
For this reason the LEDs have to be flashed bar with 3 cameras (upper
sequentially. In order to record all six LEDs, image) and target frames
the system needs about 14 milliseconds. Thus, with LEDs.
the sampling rate of Jaws3D is about 70 Hertz.
The spatial resolution of the system is given by the number of CCD elements per unit length. The Jaws3D device has an array of 2048 light sensitive elements. Covering a field of view of 140 mm in each direction, the
theoretical spatial resolution is 0.07mm. The analog signals from the CCD
arrays are sent to a microprocessor-based computer system. The signal of
the highest intensity array element is found electronically and by including
the optical and the geometric relationships between the three cameras, the
microprocessor calculates the three-dimensional position of each LED.
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4.3 New features of OPTIS
Since the development of Jaws3D there has been very significant progress
in microprocessor technology development. Today, for instance, small digital signal processors can perform extremely complex calculations in a very
short time, while other microprocessors are employed to implement network communications at high levels of security. Since Jaws3D is based on
1985 technology, there has been considerable incentive to benefit from the
available new technologies and to build a faster, more precise and more
user friendly system. The sampling rate has been raised from 70 to 200
Hertz and the accuracy has been improved using a new algorithm for obtaining subpixel precision. This system was designed to also implement new
features work synchronously together with other ones (for instance the ability to record the left and right TMJ of a subject simultaneously) and to
work in conjunction with other experimental techniques such as importing
synchronously external signals (for instance in acquiring EMG data simultaneously with jaw movement measurements).
Table 4-1 lists the main differences of the design between the two systems.
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OPTIS

Jaws3D

Field of view

(200 mm)3

(140 mm)3

Sampling rate

200 Hz (18 LEDs) up to
600 Hz (6 LEDs)

70 Hz

Max. number of LEDs

18

6

CCD elements

2048

2048

Signal processing

by DSP

On computer board

Position of the LED
found by

Signal interpolation over
100 CCD elements around
the element with maximal
intensity

CCD element with
maximal intensity

Accuracy

±0.1 CCD element
= ±0.01 mm

±1 CCD element
= ±0.07 mm

Additional synchronous
data acquisition

3 AD converter
12 Bit each,
3600 Hz = 18 × 200 Hz

Click detector,
1 Bit,
70 Hz

Connection to the
computer

TCP/IP

PCI slot

Maximal number of
systems working together

10

1

Synchronous recording of
independent motions

possible

impossible

Enlargement of the field of
view by connecting other
camera systems

possible

impossible

Table 4-1 Technical specifications of OPTIS and Jaws3D systems
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4.4 Hardware
OPTIS has three linear cameras fixed on a metal plate and uses different
electronic boards for signal processing and data transmission. The OPTIS
hardware has a number of autonomous features. It synchronizes itself,
records the position of each LED sequentially and sends the data to a computer.

4.4.1 The camera
The lenses of the cameras are half of a cylinder. They exclude two of the
three dimensions of the position of a point light source, and thus the cameras are sensitive in only one dimension. In order to obtain the full threedimensional position of an LED, the data from three of these cameras is
required. The most simple allocation of the cameras is along the Cartesian
axes with an angle of 90° between the x- and y-camera axes, i.e. each camera measuring only one of the x- or the y-coordinate. The z-camera is located between these two cameras measuring distance perpendicular to the xy-plane. Jaws3D uses this method, but it has significant drawback. The distance between the cameras (especially between the x- and y-cameras) is
dictated by the extent of the field of view. A field of view of 200 mm for
example requires a large distance between the cameras. Assuming a distance of 500 mm between the center of the
field of view and each camera, a distance of
over 700 mm between the x- and y-camera
would be required. This creates a camera system that is very sensitive to vibrations and
other mechanical disturbances. In order to
avoid this problem, an angle of 60° between
the x- and y-cameras is chosen (Fig. 4-3). The Figure 4-3 Geometrical
disadvantage of the smaller angle is the addi- arrangement of the x- and ytional data processing that is required. To cameras
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obtain the correct Cartesian coordinates of the LED, the measured values
of the x- and y-camera have to be recalculated.
The light of the LED is projected onto a charged coupled device (CCD)
array. The array has 2048 light sensitive elements or pixels. The elements
are all flashed simultaneously but read out sequentially. Due to the sequential reading of the pixel signals, a working frequency of 8 MHz is required
for measuring 18 LEDs at 200 Hertz.
Since the CCD chip does not have on-board processing, an additional electronic board had to be designed for performing all the operations listed
above.

4.4.2 Signal processing electronics
The CCD signals are analogue and a 12 bit Analogue to Digital (AD) converter digitizes these. The resulting values are collected by a digital signal
processor (DSP). It calculates the position of the LED with subpixel precision. For this purpose, the DSP stores the digitized values of the whole
CCD array during one sampling period and searches for the maximum
value. Values of 50 elements to the left and right of the maximum's position
are used for further calculation. The 101 values are filtered by a low-pass
filter and a center of gravity algorithm calculates the position of the LED
with subpixel precision

(4.1)

m denotes the index of the CCD element with maximal intensity and CCDi
the element with index i.
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The position values of all 18 LEDs and their maximal intensities are transmitted to a TCP/IP processor. This processor builds a data package and
sends it to the computer over an Ethernet network.
Furthermore, the DSP board offers an additional AD converter. It is synchronized to the sampling frequency of the LEDs, i.e. 3600 Hertz (=18 ×
200 Hertz). This frequency is not very high, but it enables the synchronous
recording of an external signal for each DSP board or three for each camera system. The values obtained from the AD converters are also stored in
the data package and transmitted to the computer together with the position
of the LEDs. This feature can be used for the synchronization of more precise EMG measurements, for instance.
All electronic parts that are important for a correct measurement have to
function synchronously. For this reason, a central clock is used, which synchronizes these parts periodically and drives the LEDs.
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4.5 Software
Once the cameras are powered up, they measure the LED positions continuously and send the data to the computer. Since it is most important that no
data is lost during a recording period the process for collecting and storing
the data has to be separated from the three-dimensional visualization
process. The visualization requires a lot of processing time and could cause
a lock-up during the collection of the data. To avoid this, the two processes are performed by two separate programs that can run on the same or on
two different computers. The programs are:
· OPTIS Controller, collects and stores the data
· OPTIS Viewer, performs the three-dimensional visualization
The user interface is provided by OPTIS Viewer. All user commands are
handled by this program. OPTIS Controller usually runs in the background.
Its user interface comes into operation only when an error occurs. It offers
some service tools.

4.5.1 OPTIS Controller
The first program that processes the data sent by the cameras is OPTIS
Controller. A data set of a camera consists of at least a time stamp, 18 position values and 18 intensity values. If desired, additional external data can
be included in this data set. OPTIS Controller identifies the different data
sets based on their time stamps and on the IP address of the camera, from
which the package has been sent. The time stamps are used for identifying
the correct temporal sequence. The IP addresses of the cameras are assigned to the three different Cartesian axes depending on the direction in
which the cameras are measuring. The OPTIS Controller then sorts the data
sets based on the mentioned criteria, builds new data sets for each time step
including all three axes and stores them temporarily in a ring buffer.
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The position values are not true
Cartesian coordinates at this stage.
In fact the cameras are measuring
angles and not absolute coordinates.
Furthermore, not all the cameras are
located along one of the Cartesian
axes. Thus, OPTIS Controller has to
calculate the Cartesian coordinates
of the measured LEDs (Fig. 4-4).
Considering the fact that further
data processing is required anyway,
the algorithm rotates the whole
coordinate system 135° around the
z-axis shown in figure 4-3. This
helps to make the system, including
OPTIS viewer, more intuitive and
Figure 4-4 Geometrical overview of the
therefore more user friendly.
calculations of the LED position.
As mentioned before, all three cameras are fixed on a metal bar. Camera 2
is located in the center and measures in a vertical direction, perpendicular
to the bar. Camera 1 and camera 3 measure in a horizontal direction and
their axes are rotated towards the axis of camera 2 by an angle ϕ and ψ
respectively. The origin of the Cartesian coordinate system is defined by
the point, towards which all cameras are directed when an angle of 0° is
measured. The x-axis is parallel to the line, labelled c in figure 4-4, connecting camera 1 and camera 3. The y-axis is perpendicular to c and parallel to the direction, in which camera 2 measures. The z-axis is perpendicular to the x-y-plane.
The angle, at which a camera detects the LED, is given by the formula
(4.2)
where δ, λ, ε denote the resulting angles for camera 1, 2, and 3 respective-
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ly. CCD1, CCD2, CCD3 represent the values measured by the corresponding cameras. R denotes the range of values. lCCD and lf are given by the
geometry of the camera. lCCD denotes the length of the CCD array and lf
the focal distance of the camera's optics.
Given all these parameters, the sine law can be used for calculating the
Cartesian coordinates of the LED.
(4.3)
The length c between camera 1 and camera 3 is given by their geometrical
location. The angles α and β can be calculated by the formula
(4.4)
(4.5)
The length of side a is
(4.6)
Using the geometrical location of camera 3 (B), the x- and y-coordinates of
the LED are
(4.7)
(4.8)
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n denotes the distance between line c and the x-axis.
(4.9)
The variable m denotes the horizontal distance between the LED and the zcamera
(4.10)
t is the distance between line c and camera 2, given by its geometrical location. The z-coordinate can be calculated by the formula
(4.11)

After this transformation, the position values are available for further processing. They can be stored in a file, if desired by the user, or transmitted
to OPTIS Viewer on its request. If none of these events occurs then the values are deleted.
The commands to start and stop a recording process are given by the user
via OPTIS Viewer. This program transmits the necessary commands to
OPTIS Controller as well as requests for a complete data set for a time step.
OPTIS Controller transmits the most recent data set. Since the three-dimensional visualization is usually slower than the measuring frequency of the
cameras (200 Hertz), not all steps are visualized during a recording time
period. After the recording, OPTIS Viewer offers the possibility to load the
stored file in order to acquire the whole motion information and allow precise data analysis.
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4.5.2 OPTIS Viewer
The visualization program OPTIS Viewer is the interface between the user
and OPTIS Controller or the cameras respectively. It displays the information that the cameras are measuring (Fig. 4-5).
OPTIS Viewer can run on the same or
on a different computer as OPTIS
Controller. Therefore it is possible to run
OPTIS Viewer on a separate powerful
graphical workstation, in order to
achieve fast, high quality visualization
of the recordings. The operating system
of the two computers may differ. For
this reason, the source code for OPTIS
Viewer is written in C++ and the commands and libraries used are as platform
independent as is possible. The software
Figure 4-5 OPTIS viewer. The gray
architecture is analogous to the one
spheres represent the position of the
described in section 3.2. The three- LEDs within the field of view (yellow
dimensional visualization is based on cube).
OpenGL® and on the Open Inventor
library. The graphical user interface (GUI) is performed by FLTK (Fast
Light Toolkit), which runs on the UNIX® operating systems as well as on
Microsoft® Windows® and other operating systems.
The field of view of one camera system (consisting of three individual cameras) is represented by a virtual cube. The measured position of the LEDs
is represented by spheres placed at the corresponding position within the
cube. This enables the user to adjust the camera system in an optimal position before each recording. During the recording the user can check that all
the LEDs stay within the cube. Additionally, there are different thresholds
for the light intensity of the measured LED. A changed color of the sphere
warns the user that the intensity is below a certain set level. For easy iden-
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tification of the camera that has problems detecting an LED, small lines,
in the measuring direction of the camera, are also shown drawn through the
sphere.
There are two modes for the visualization of the LEDs. The first mode
locks the field of view and shows all LEDs independently moving within
the cube. The second mode locks three LEDs and displays the movements
of all other LEDs and that of the field of view relative to these three LEDs.
These operations are achieved within the program by matrix calculations.
Three LEDs define a coordinate system. Two vectors are defined by connecting one LED with the other two. The third vector is calculated by
means of the vector product of the other two. From this a 4 by 4 matrix is
obtained including an orthonormal 3 by 3 rotation matrix R and the translation vector t for this LED coordinate system relative to the coordinate system of the field of view.
(4.12)

denotes the matrix for step n of a recording. The movement of the field of
view and the correction movement applied to all other LEDs is calculated
by the formula
(4.13)
Further coordinate systems can be defined by other combinations of LEDs.
These are used for calculating relative movements between two coordinate
systems or between body segments.
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denotes the matrix at step n given by three LEDs that are different to the
ones used for

The relative movement is defined by the matrix

(4.14)
This matrix animates any point of interest that performs the same movement as the selected three LEDs.
For further analysis, the whole path or trajectory of a selected point can be
visualized and exported to an Excel® file (Fig. 4-6). Normally, it is useful
to display the trajectory relative to three other LEDs, for instance, the trajectory of a point of the mandible relative to the three LEDs connected with
the maxillary. Of course, the absolute path through the space of a selected
point can also be shown.

Figure 4-6 Trajectories of an LED (white) and of
a special point of interest (condyle, for instance).
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Figure 4-7 Synchronous recording of two different motions
at different places (left and right TMJ, for instance).

OPTIS enables the synchronous recording of up to 10 different camera systems. All these systems are displayed by an individual cube representing
the field of view (Fig. 4-7). The numbering of the systems starts at zero and
is indicated by the index of the names of the coordinate axes. To account
for the case of the camera systems being located at different places, the
cubes are visualized adjacent to each other. Camera systems that are connected in order to enlarge the field of view, can be visualized in virtual
space with the same relative geometrical location as they have in real space
(Fig. 4-8). Therefore the translations and rotations of any additional camera systems have to be known relative to the main camera system. Using
these data, OPTIS Viewer calculates a rotation and translation matrix and
moves all objects to the new location. The calculation of the trajectories is
independent of the camera system in which the LEDs are measured.

Figure 4-8 Two connected
camera systems for enlarging
the field of view.

5 Studies
This chapter discuss the results of different studies on TMJ kinematics. The
results of the study 5.5 have been already published [Go04].
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5.1 Condylar traces and the shape of the TMJ fossa
Introduction
In the literature on mandibular kinematics, the relationship between the
shape of the condylar path and the shape of the TMJ fossa has been studied
extensively [Is98, Pa91]. However, the condylar paths have never been
related to the real three-dimensional anatomy of the TMJ. The aim of this
study was to investigate the anatomical location of the points whose trajectory best approximate the fossa shape.
Methods
20 TMJs from 10 asymptomatic subjects (6 females and 4 males aged 19
to 32 years) were studied. Each person performed jaw opening as well as
protrusive movements at a deliberate rate.
The points whose trajectory best approximated the fossa shape were found
as follows. A virtual cube surrounding the condyle that rigidly moves with

Figure 5-1 Examples of a TMJ with a point that "best approximates" the fossa shape
(PBA) close to the medial condylar pole in side view (left) and in top view (right). The
size of the small cubes indicates the coincidence of the trace of the marked point with
the shape of the fossa. For better visualization, the three-dimensional grid has 1 mm
spacing instead of the 0.5 mm used for the measurements. The lower red line is the
trace of the BA that best approximates the shape of the fossa (upper red line).
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it was first constructed. This cube was
subdivided into a three-dimensional grid
with 0.5 mm spacing. For the selected
motion (opening-closing or protrusion),
the computer calculated the trajectory of
the center of each grid cell. The crosscorrelation functions was then used in
order to compare the traces of each cell
center with the shape of the fossa
obtained by the segmentation of the MR
images. The cross-correlation values
indicate the coincidence of the trajectory Figure 5-2 The point that "best
of each point with the shape of the fossa approximates" the fossa shape
and are visualized by the size of small (PBA) is located ventrally and caudally outside the bony region.
cubes within each grid cell (Fig. 5-1 and
5-2, for better visualization with 1.0 mm
grid spacing) The point maximizing the cross-correlation function between
its trajectory and its projection onto the fossa was defined as the point "best
approximating" the fossa shape (PBA).
Results
During jaw opening and closing movements, the PBAs were found in 75% of
the joints close to the medial condylar
pole within a sphere with a mean radius
of 5.2 mm ± 0.8 mm (standard error of
the mean). The standard deviation was
3.0 mm. The center of the sphere was
located relative to the medial condylar
pole
· 0.8 ± 1.0 mm dorsally
· 2.7 ± 1.1 mm caudally
· 0.7 ± 0.6 mm laterally
Figure 5-3 Location of the PBAs
(with standard deviations of 3.9, 4.1, 2.3 found during jaw opening/closing
mm respectively) (Fig. 5-3).
on the medial side.
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The remaining PBAs were found close
to the lateral condylar pole within a
sphere with 3.1 ± 0.7 mm mean radius
(1.6 mm standard deviation) centered
relative to this pole
· 2.5 ± 1.0 mm dorsally
· 3.4 ± 1.1 mm caudally
· 2.0 ± 0.9 mm medially
(with standard deviations of 2.2, 2.4, 2.0
mm respectively) (Fig. 5-4).
Figure 5-4 Location of the PBAs
found during jaw opening/closing
on the lateral side.

During protrusion, the PBAs were more
dispersed. 50% were found close to the
medial pole within a sphere with 10.1 ±
1.4 mm mean radius (4.4 mm standard
deviation) centered relative to this pole
· 0.9 ± 1.9 mm ventrally
· 3.9 ± 2.9 mm caudally
· 2.0 ± 0.9 mm laterally
(with standard deviations of 6.1, 9.2, 2.9
mm respectively) (Fig. 5-5).
Figure 5-5 Location of the PBAs
found during protrusion on the
medial side.
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The other 50 % were found close to the
lateral pole within a sphere with 10.2 ±
1.2 mm mean radius (3.8 mm standard
deviation) centered relative to this pole
· 2.2 ± 1.3 mm dorsally
· 2.5 ± 3.3 mm caudally
· 2.6 ± 0.9 mm medially
(with standard deviations of 4.0, 10.3,
2.7 mm respectively) (Fig. 5-6).
Figure 5-6 Location of the PBAs
found during protrusion on the lateral side.

Discussion
The points whose trajectories best approximated the fossa shape were
spread over quite large areas. Although the centers of these four areas (Fig.
5-3 to 5-6) are always located within the condyle, there are a lot of PBAs
lying outside the condyle (refer to the large
radii and standard deviations) (Fig. 5-7).
Thus, the PBAs are not in a systematic geometric relationship with the condyle.
Conclusions
Given the large variations in the position of
the PBAs, the trajectories of a condylar point
does not display the fossa shape and therefore the steepness of the posterior tuberculum slope. The fact that this observation is
valid also for the PBAs recorded during protrusive and retrusive movements questions
for the first time the validity of recording the Figure 5-7 Radius and stansagittal condylar path in order to adjust it in dard deviation of the spheres in
the articulator.
which the PBAs were found.
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5.2 Relationship between the kinematic center and
the condylar anatomy of the TMJ
Introduction
It has been suggested that the kinematic center is the “condylar point” to be
used to represent condylar movements in the temporomandibular joint
(TMJ). The kinematic center has defined as that condylar point which is
minimally influenced by the rotatory component of mandibular movements.
Therefore, it follows, as much as possible,
the same movement path during different
types of mandibular movements. Therefore,
the trajectory depicted by this point lie parallel to the articular eminence [Zw96, Ya95,
Ko80, Ko72, Ko68]. The kinematic center is
also the point for which the trajectories
recorded during opening/closing and protrusion/retrusion are coincident. Previous
investigations speculated that functional
variations of anatomy-related parameters
can be determined solely by analyzing the Figure 5-8 The kinematic centraces of the kinematic center [Hu99], with- ter is defined as the point of
out measuring TMJ anatomy and without coincidence between the openknowing the anatomical significance of the ing-closing and protrusionkinematic center itself. The aim of this study retrusion trajectories.
was therefore to assess the geometric relationship between the kinematic center and condylar anatomy in the TMJ.
Methods
In 11 asymptomatic volunteers (7 females and 4 males, aged 24-37), 4
opening-closing and 4 protrusive-retrusive jaw movements were recorded
using the dynamic stereometry technique. A 3D lattice with a 1 mm grid,
rigidly fixed to the condyle, was defined around each condyle and the opening-closing and protrusion-retrusion paths of each lattice point were calcu-
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lated. The kinematic center of each TMJ was the lattice point with maximal
cross-correlation between the opening-closing and protrusion-retrusion
paths. The positions of the kinematic centers were then calculated relative
to the main condylar axes.
Results
We found the kinematic centers on average at a distance d = 4.5±2.9 mm
from the main condylar axes. In detail, we have found
· 11 joints dorsocranially
d = 6.1±3.0 mm
· 5 joints ventrocaudally
d = 2.4±1.3 mm
· 3 joints ventrocranially
d = 3.1±2.6 mm
· 2 joints dorsocaudally
d = 3.5±0.5 mm
The maxima of the coordinates are mainly dorsal (Xmin = -6.3 mm, Xmax
= 0.7 mm) and cranial (Zmin = -4.1 mm, Zmax = 12.8 mm) to the main
condylar axes.
Conclusions
The location of the kinematic center appeared to be unpredictable. Thus,
there is no simple geometric relationship between the kinematic center and
condylar anatomy in the TMJ. However, further investigation could relate
its position to the congruency of the articular surfaces.

Figure 5-9 The kinematic centers were found on average at a
distance d = 4.5 ± 2.9 mm from the main condylar axis.
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5.3 Minimum TMJ intra-articular distance variation
compared to the kinematic center traces
Introduction
Some investigators have speculated on differences in TMJ loading during
jaw opening and closing by analyzing the trajectories of condylar points
[Ca99, Hu99, Ya97]. The aim of this further study was therefore to compare
the differences of the minimum condyle-fossa distances between jaw opening and closing with those of the trajectories of the kinematic center (KC).
Methods
Twenty-two asymptomatic TMJs (7 females and 4 males, aged 24-37 y)
were tracked during 4 or more
unloaded opening-closing cycles. All
TMJs were then MR imaged, reconstructed and animated with the recorded kinematic data. For every TMJ, we
calculated the path of the area of the
minimum condyle-fossa distance and
the KC trajectories. The minimum
condyle-fossa distance D and the
caudo-cranial coordinate Z of the KC
trajectories were plotted against the
postero-anterior coordinate X of the
KC. The maximum local differences in
D and Z between opening and closing
Figure 5-10 The trajectories of the
and their X-position were then deter- kinematic center (lower red line) and
mined. Statistical analysis was per- of the path of the minimum condyleformed with paired t-tests at 5% signif- fossa distances (upper red line) are
compared.
icance level.
Results
The paths of the minimum condyle-fossa distance coincided for opening
and closing in all joints, as shown in a previous study [Go04]. The condyle-
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fossa minimum distance was always larger during opening than during
closing (∆Dmax = 1.0±0.3 mm). The same behaviour was observed for the
caudo-cranial position of the KCs (∆Zmax= 1.2±0.4 mm) (Fig. 5-11).
No intra-individual side differences were found for ∆Dmax and ∆Zmax.
However, the posterior-anterior location X of ∆Dmax and ∆Zmax did not
coincide, differing by 18.5±11 mm, representing 7% of the total X-excursion.

Figure 5-11 Example of the caudocranial position z (lower curve) and minimum
condyle-fossa distance h (upper curve) of one jaw opening/closing cycle plotted synchronously to the dorsoventral position x of the kinematic center. ∆x is the difference
between the x coordinates corresponding to the maximum differences between the
opening and closing traces for z and h.

Conclusions
The condyle appeared to move closer to the fossa during unloaded closing
than during opening. This was consistent - although not identical - with the
traces of the kinematic centers calculated in this study but in contrast with
findings by other authors [Na03, Ca99, Na99]. Tests with their and our system should be done on the same subject to find the reason of the difference.
For instance, different points might be selected as kinematic center.
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5.4 Characterization of stress-field paths in asymptomatic TMJs
Introduction
Similar to other joints such as the knee, TMJ articular surfaces are highly
incongruent, and the disc compensates for their different curvatures.
During mandibular movement, the geometric relationships of the TMJ
articular surfaces vary, so that the disc undergoes stress concentrations that
change with time and location. The TMJ disc is often perforated as shown
in autopsy studies and a large number of perforations occurred in the lateral third of the disc [Je98, Ob71] (Fig. 5-12). In a recent study [Ga00], it
has been shown that the stress-field through the cartilage matrix of asymptomatic temporomandibular joint discs translate mediolaterally during jaw
opening and closing. An interindividual variability in the mediolateral velocity components of the stress-field translation and in the
estimated work done to the soft tissues was
found. The aim of this study was therefore to
describe and evaluate quantitatively the TMJ
stress-field paths in vivo in a large group of
asymptomatic subjects in order to identify
Figure 5-12 Geometric distriregions in which the disc tissue could be bution of disc perforations
exposed to higher fatigue.
[Ob71]
Methods
To achieve the above objective, magnetic resonance imaging and jaw tracking were combined in order to reconstruct and animate three-dimensionally the movement of the whole condyle within the fossa. 48 TMJs from 30
asymptomatic subjects were analyzed. The subjects performed jaw opening/closing movements at 1 Hz pace. At each time step of mandibular
motion, the stress-field area was defined as the area comprised of a set of
30 minimal distances between the polygon vertices approximating the fossa
and condyle surfaces. The standard deviation around the centroid of the
stress-field was defined as the mean radius of the stress-field area (a). We
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determined the stress-field path by connecting the centroids and geometrically low-pass-filtering the 3D curve obtained, as in a previous study
[Ga00]. For every point on this curve, we also calculated the instantaneous
velocity (V). Peak velocities (Vp) of the stress-field centroid were calculated for each jaw-opening and -closing phase. The mediolateral position of
the stress-field centroid was expressed in terms of a percentage of the position of the main condylar axis MCA (0 %MCA: medial pole, 100 %MCA:
lateral pole).
Results
In 65% of the joints, the stress-field path moved mediolaterally during jaw
opening (starting point SP: 41 ± 17 %MCA, ending point EP: 70 ± 12
%MCA). A lateromedial stress-field movement path was observed in 20%
of the joints (SP: 78 ± 8 %MCA, EP: 54 ± 13 %MCA). The remaining 15%
of the joints showed mixed or non-specific patterns (SP: 75 ± 17 %MCA,
EP: 75 ± 18 %MCA).
Peak values of the mediolateral velocity component (35 ± 10 mm/s) of the
stress-field centroid were found in 77% of all cases in the lateral portion of
the joint (at 73 ± 10 %MCA). The peak of the dorsoventral velocity component was also found laterally in 72% of the cases.
Conclusion
In the majority of the examined asymptomatic TMJs higher stress-field
translation velocities were recorded laterally.

Figure 5-13 The stress-field path moved in 65% of the joints medio-laterally (left), in
20% of the joints latero-medially (middle). The remaining joints showed non-specific
patterns(right). ICP: Intercuspal position, MO: Maximal opened position.
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5.5 Dynamic intra-articular space variation in clicking TMJs
Introduction
Study 5.4 has shown, that mediolateral stress-field translation occurs in
healthy human TMJs during jaw opening/closing. Mediolateral shear
stresses to the disc may result and, in turn, may compromise disc integrity
[Wa97], since this tissue is weaker in the mediolateral direction [Be01].
The current study investigated the hypothesis that mediolateral stress-field
translation through the cartilage matrix also occurs in clicking TMJs, and
that the stress-field characteristics differ from those of asymptomatic joints.
Specific aims of the current study were: (1) to test whether mediolateral
stress-field translation occurs in clicking TMJs during jaw opening/closing;
and (2) to compare the characteristics of the stress-field paths, particularly
the aspect ratio between these TMJs and asymptomatic ones.
Methods
We recorded 15 TMJs from 8 asymptomatic subjects (5 females and 3
males age 22 - 38 years) and 13 clicking TMJs, i. e. with anterior disc displacement with reduction of 12 patients (3 females and 9 males, age 16 - 38
years). The patients were pain-free. Each person performed eight unloaded
opening and closing movements at a deliberate rate.
At each time step of mandibular motion, the mean of the set of 30 minimal
distances between the polygon vertices approximating the fossa and
condyle surfaces described the minimum condyle-fossa distance (h). The
centroid of the stress-field area, the mean radius of the stress-field area (a),
the stress-field path, the instantaneous velocity (V), and the peak velocities
(Vp) of the stress-field centroid have been calculated in the same way as
shown in study 5.4. For every point on the stress-field path, we also calculated the stress-field area (A) and the aspect ratio (a/h).
The stress-field paths were divided into segments by planes parallel to the
coronal plane parallel to the condylar main axis, each separated by a dis-
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Figure 5-14 An example of the stress-field paths for a clicking TMJ in an oblique craniocaudal (left) and oblique sagittal view (right). For quantitative analysis, the stressfields paths were divided into segments by planes parallel to the oblique-coronal YZ
plane, with 1 mm distance between the planes.

tance of 1 mm (Fig. 5-14). For every segment, we calculated the spread (s)
of the stress-field path, i.e., the maximum distance in mm between the values of the mediolateral coordinates of the points within each trace segment
on opening and closing. The spread was a measure of the coincidence of the
opening and closing traces. The mediolateral stress-field translation D was
calculated only if the velocity V was within 95% of Vp, excluding the time
steps where the mandible was virtually motionless. The path spread (s) was
averaged within each movement for all opening/closing cycles. The values
of D, of smax, and of the maximum mediolateral component Vp, as well as
the data describing aspect ratios (a/h) and areas (A), were averaged
over the 10 opening/closing cycles. Given the non-normal distributions for
all parameters, we performed Mann-Whitney U-tests at the significance
level of p = 0.05 to compare the results between symptomatic and control
groups.
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Results
Typical examples of reconstructed joints and stress-field paths from two
clicking and one asymptomatic TMJ during jaw opening/closing are shown
in Fig. 5-14 and Fig. 5-16. In clicking TMJ of Fig. 5-14, the stress-field
paths differed markedly between opening and closing, moving mainly in
the medial joint portion during jaw opening and mainly in the lateral joint
portion during closing (mean s = 3.8 ± 0.9 mm, smax = 6.9 ± 1.8 mm). The
clicking TMJ of Fig. 5-16 had mean s = 2.0 ± 0.5 mm and smax = 4.3 ± 0.3
mm. For comparison, in asymptomatic TMJ of Fig. 5-16 the stress-field
paths were almost perfectly coincident and moved in the lateral part of the
joint (mean s = 0.6 ± 0.2 mm, smax = 1.1 ± 0.4 mm).
The stress-field translation (D) and the aspect ratio (a/h) were significantly
greater in clicking TMJs than in controls (p < 0.05); a higher level of significance was found between the overall mean and maximum spread (s and
smax) of the clicking TMJs and the controls (p < 0.001) (Fig. 5-15). Finally,
the average peak mediolateral velocity of the stress-field centroids (Vp)
and the overall stress-field area (A) did not differ statistically between the
two groups (Table 2). Neither the subgroups with partial or total anterior
displacement nor the subgroups with opening and reciprocal clicking
showed statistical differences in any parameters.

spread
max spread
aspect ratio
intramin
individual
variation max

Figure 5-15 The trajectories generally did not coincide in clicking TMJs (larger spread) and the stress fields were distributed over a larger area than in asymptomatic
joints.
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Figure 5-16 Stress-field paths in a clicking joint that differed between jaw opening
and closing (left) and stress-field paths in an asymptomatic joint that were almost perfectly coincident between jaw opening and closing (right). The cone tips indicate the
instantaneous position of the stress-field centroid.

Discussion and Conclusion
This study showed that mediolateral stress-field translation through the cartilage matrix also occurs in clicking TMJs during jaw/opening closing and
is significantly larger than in asymptomatic joints. Moreover, further stressfield characteristics differed from those of asymptomatic joints. In particular, the stress-field paths in clicking joints were mostly non-coincident
during the opening and closing phases, whereas they coincided in controls,
which was reflected by the significantly larger average and maximum spread of the paths in the clicking TMJs. Also, the aspect ratios in clicking
joints were significantly larger than in controls, which indicates a smaller
penetration of the stress-field in the cartilage. The only non-differing parameters were stress-field areas and peak mediolateral velocities.
As a matter of fact, the greater mediolateral translation and the the nonreciprocal traces of the stress-fields suggest that greater areas of the joint
soft tissues are subject to stresses than in asymptomatic joints. These larger
areas, plowed by the stress-fields, could be explained either by the nonreciprocal movement of a displaced disc or by muscular discoordination
that would cause unstable or different opening and closing condylar paths.
More interesting is the significantly greater aspect ratio a/h in clicking
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TMJs, which at first seems only to imply smaller plowing forces than in
healthy joints. If the average stress-field area is also considered, however,
the increase in the aspect ratio suggests a general decrease in the intra-articular distance in clicking joints, and possibly a thinning of the disc, since
stress-field areas do not differ between asymptomatic and symptomatic
joints. This finding is in concordance with the observation that anteriorly
displaced discs often appear deformed and partially mediolaterally stretched, as seen in MRI [Cn02]. The increased aspect ratio also suggests a
possible flattening of the bony surfaces that could be a consequence of the
discal and condylar remodeling already observed in static MR images
[Ra90]. Of course, a limitation of this analysis is the fact that the aspect
ratio was averaged over the total opening/closing movements. Since the
paths of clicking joints are less regular than in normal joints, it is likely that
the aspect ratio varies more within the opening/closing path in these than in
normal joints. An analysis with a system with higher time and spatial resolution, which is in preparation in our laboratory, is necessary for a more
detailed analysis of the variation of the aspect ratio.
The current study was a basic investigation on the dynamic variations of the
intra-articular space in clicking TMJs. The results suggest that the stressfield areas in these joints were influenced by dislocated and deformed disc
tissue, and the congruity of the articular surfaces changed with respect to
normal joints. Future investigations must attempt to characterize the stressfield traces relative to the anatomical variability, i.e., condyle and fossa
shape, possibly detecting potential risk situations that could arise, e.g., from
extreme shear stresses and strains through the disc.
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5.6 A three-dimensional visualization of the TMJ disc
mechanics during jaw opening/closing
Introduction
The shape of the condyle and the fossa in the TMJ and the complex action
of the masticatory muscles are responsible for movements mostly consisting of combined rotations and translations. For this reason, the geometric
relationship between the articular surfaces changes during mandibular
movement. The articular disc is the primary mechanism of stress distribution and lubrication within the TMJ (chapter 1.3). Movement and deformation of the TMJ disc can be observed by means of dynamic MR recordings
during spontaneous jaw movements (chapter 2.3.4), but this is possible
only in one single sagittal plane at a low geometric resolution and a low
frame rate. At present, one viable method of obtaining more precise measurement of TMJ disc movement and deformation is to take static scans with
the condyle in different positions of a given movement. The scans are then
reconstructed three-dimensionally and visualized sequentially.
The aim of this study was to investigate TMJ disc mechanics during jaw
opening/closing by sequencing 3D-reconstructed MR scans, statically
recorded at different positions, and to assess the precision of this method.

Figure 5-17 Statically recorded MR images of the TMJ at different positions of an
open-movement.

Methods
For the acquisition of the spontaneous motion of 4 asymptomatic TMJs (2
females and 2 males, aged between 24 and 32 years) we used the opto-electronic tracker Jaws3D [Me85]. During a jaw opening/closing cycle we
recorded and visualized the trajectory of the origin of the mandibular coor-
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dinate system (represented by one LED of the mandibular target frame) and
chose 12 positions on this trajectory at which we fixed the jaw in a reproducible way. For this purpose, we produced customized indices. For each
of these 12 positions the subject bit on plastic blocks of different thickness
and performed protrusions, retrotrusions, and laterotrusions until the actual position of the origin of the mandibular coordinate system was located
on the recorded trajectory of the spontaneous motion. In order to fix such a
position, acrylic tooth impressions were glued to the corresponding plastic
block.
The anatomy of the TMJ bony and disc structures in the different jaw positions was obtained by recording a series of 14 magnetic resonance
parasagittal slices through the TMJ. Before each measurement a new index
had to be placed between the subject's teeth and so the subject's head was
slightly displaced each time. For this reason the cranial structures were
never perfectly coincident for each recording.
Therefore, after 3D reconstruction the trimmed iterative closest point algorithm (TrICP, chapter 3.6.3) was used to precisely superimpose the fossa
surfaces. The sequential visualization of the different TMJ models resulted
in an animation of the bony structures and of the disc.
a) Accuracy of the animation
In order to check the accuracy of the animation, obtained by fixing the mandible
at different opening degrees, this animation was compared with the one obtained
by a standard dynamic stereometry animation. The standard animation of a
spontaneous opening/closing movement
was stopped at the same jaw position, at
which the fixed joint was recorded with
MRI and reconstructed three-dimensionally. We computed homogeneous transforms using the TrICP algorithm to reg- Figure 5-18 Check of the superimister the condyle for the 12 positions vs. position of the animated (grey) and
those obtained by applying kinematics fixed (red) condyle
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directly to the condyle (Fig. 5-18). The best
transform was defined by the minimum of
the sum of the square distances between the
points of both condyles.
b) Effect of head repositioning
In order to estimate the influence of the
head repositioning, we made three MR
recordings of the same joint at 0°, -20° and
+20° around the craniocaudal axis (Fig. 5- Figure 5-19 Survey of the test
19). Homogeneous transforms were also stacks
used to register the condyle for these additional test stacks.

Figure 5-20 Two 3D reconstructions of a TMJ at a closed position (red) and an opened position (yellow). The left image shows the reconstructions at the original location in the MR scanner. The fossae do not coincide. The right image shows the same
reconstructions after using the trimmed iterative closest point algorithm to precisely
superimpose the fossa surfaces. Thus, it is possible to superimpose recordings of a
joint at different positions and to visualize sequentially the movement and the deformation of the soft tissues.
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Results
Two times four of the reconstructed joints, including the movement and the
deformation of the disc, are visible in the figures 5-21 and 5-24. The small
images show the corresponding MR scans on the central slice.

Figure 5-21 The reconstructed joints including the movement and the deformation of
the disc.

The visually good registration of the single TMJ models (cf. also Fig. 5-20)
was reflected in the quantitative measurements. The mean translation from
the 12 recorded positions to those of a standard opening/closing animation
was less than 0.5 mm (Tab. 5-1) and the mean rotation was less than 3°.
Concerning the influence of the head repositioning we measured a mean
translation of less than 1 mm and a mean rotation of less than 1°.
X [mm]

Y [mm]

Z [mm]

α [°]

β [°]

γ [°]

a)

0.49±0.36 0.39±0.35 0.26±0.27 1.81±1.05 1.91±1.41 2.79±1.66

b)

0.75±0.93 0.75±0.50 0.35±0.26 0.84±0.73 0.82±0.90 0.67±0.46

Table 5-1 Numerical results: translation (X, Y, Z) and rotation (α, β, γ: X-Y-Z fixed
angles). a) Accuracy of the animation, b) Effect of head repositioning.

A sample of the movement and the deformation of the disc is shown in the
figures 5-22 and 5-23. On the left side of figure 5-22, the single disc positions are displayed all together at their natural location. The translation and
rotation along the fossa is clearly visible from the lateral view as well as
from the bottom/back view. For a better recognition of the disc surfaces, the
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lateral view

lateral view

bottom/back view
Figure 5-22 Movement and deformation of the disc for four selected positions (during
an opening movement) at their natural location (left) and spread (translation in caudal direction) to show the deformation of each single disc.
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Figure 5-23 Deformation of the disc during an opening movement. For a better
visualization, the discs of four selected opening degrees are translated at the same
anterior-posterior position to illustrate the rotation of the disc during the movement
(left). An illustration of all disc in the same plane shows the deformation of the disc
from a lateral view (middle) and from a back view (right).

images on the right side of figure 5-22 show the same disc positions, but
spread by a translation only in caudal direction. An additional translation in
anterior-posterior direction (to show all reconstructed discs in a row)
increase the visualization of the rotation (Fig. 5-23, left). After individual
rotations around the disc main axes, so that the reconstructed discs are all
in the same plane, the deformations are clearly visible. In anterior-posterior direction the cranial surface of the disc changes form a rather convex
shape to a concave shape (Fig. 5-23, middle). In medio-lateral direction the
disc changes from a convex shape to a plane shape (Fig. 5-23, right).

5.6 3D VISUALIZATION OF THE TMJ DISC MECHANICS
Discussion and Conclusions
The results of this study give a good visual
impression of TMJ disc mechanics.
Considering the accuracy of the MR scans,
which is about 1 mm, the results are satisfactory since these are of comparable accuracy.
With the very small size of the TMJ, the segmentation has to be performed manually by
means of Bézier curves in order to achieve better than one pixel resolution. Thus, we need to
consider subpixel interpolations in developing
automated segmentation algorithms. Also, the
use of a reference system attached to the upper
jaw and scanned simultaneously with the TMJ
could improve the accuracy of joint repositioning.
Furthermore, the results obtained are at this
stage only visual. For further development of
our method finite element analysis needs to be
employed to study TMJ disc loading, especially with regard to large deformations and the
modeling of viscoelastic effects.

Figure 5-24 The reconstructed joints including the
movement and the deformation of the disc.
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6 Discussion and perspectives
The preceding chapters have presented different recording and analysis
techniques for the study of the anatomy and kinematics of the TMJ as well
as six studies on this topic. The final chapter discusses the advantages and
disadvantages of the different techniques, summarizes the results of the
studies and presents some ideas for further research.

6.1 Recording of the TMJ and its movements
6.1.1 Magnetic resonance imaging
6.1.2 True dynamic magnetic resonance imaging
6.1.3 Pseudo dynamic magnetic resonance imaging
6.1.4 Dynamic stereometry
6.1.5 OPTIS
6.2 Studies
6.3 Conclusion
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6.1 Recording of the TMJ and its movements
6.1.1 Magnetic resonance imaging
Magnetic resonance imaging yields three-dimensional information of the
anatomy of the temporomandibular joint. The contrast between the bone
structure and the soft tissues is in generally low. Therefore, optimized pulse
sequences for TMJ recordings have been presented in this thesis. However,
the desire persists for images with a higher resolution, more contrast, faster
acquisition time. As shown in chapter 2, the image quality may improve as
a result of changing the equipment. Tests with smaller surface coils did not
yield a better image quality. However, super-conducting RF coils would
have a better signal to noise ratio. In order to profit from using these coils,
the head of the subject has to remain absolutely motionless. This method is
better suited for analyzing the anatomy of cadavers. Super-conducting RF
coils were not tested in this thesis. Additional work is required to assess the
clinical applicability of these coils. However, instead of simply changing
the coils, the whole scanner could be replaced. Three Tesla (3.0T) scanners
are expected to improve the image quality, but there are no TMJ coils available for Philips 3.0T scanners yet. Therefore, the new image quality could
not be tested.

6.1.2 True dynamic magnetic resonance imaging
True dynamic magnetic resonance imaging enables in vivo studies of the
joint’s kinematics in relation to the anatomy. The MR scanner records
images of a TMJ, while the subject is opening and closing its mouth. The
results show how the joint works very well. However, this method has
some limitations: Due to the small contrast between bony structure and soft
tissues, the recording time is relatively long compared to recordings of the
human heart. For a sufficient contrast, the scanner records at maximum six
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images per second. For this reason, the subject has to move its mouth very
slowly. Consequently, this method does not allow the visualization of fast
viscoelastic effects. Furthermore, the scan is limited to one slice for maximum recording speed. Two new methods for an optimal placement of this
slice along the direction of movement of the joint have been presented.
However, all kinematics effects outside this slice are not visible. Scanners
with a higher magnetic field might improve the recording and therefore
decrease the scanning time. Another optimization method is used for
human heart measurements. These scans can be triggered by the P-QRS-T
complex of the electrocardiogram (ECG). In this way, the anatomy can be
recorded for several times at the same position. The calculation of a mean
image improves the signal to noise ratio. The TMJ has no signal like the PQRS-T complex. Theoretically, an apparatus could be constructed, which
starts the MR recording each time the TMJ is at the same position. Jaws3D
recordings of multiple mouth opening/closing cycles show quite a big variation of condylar traces. For this reason the idea of the apparatus could fail,
because of too much variations in the joint movements.
Concluding, true dynamic magnetic resonance imaging at a frequency of
up to 6 Hertz is at the moment the easiest and fastest way to visualize the
TMJ kinematics.

6.1.3 Pseudo dynamic magnetic resonance imaging
An other way to visualize the TMJ movements is to lock the mandible at
different positions of a spontaneous motion and to record these positions
statically with an MR scanner. This method was presented in chapter 5.6. It
enables the recording of the whole anatomy of the TMJ with optimal contrast. The joints at the different positions are reconstructed three-dimensionally and superimposed based on the shape of the fossa by means of the
trimmed iterative closest point algorithm. A movie sequence generated by
the single joint positions gives a good visual impression of TMJ disc
mechanics. However, this method is very time-consuming and shows
absolutely no viscoelastic effects. Furthermore, the results obtained are
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presently only visual. For studies of TMJ disc loading, finite element analysis is required. Due to the complexity of such studies, they could not be performed within this thesis. Furthermore, it would require further development of our method, especially regarding large deformations and modeling
of viscoelastic effects.

6.1.4 Dynamic stereometry
The third method to visualize the TMJ and its mechanics is dynamic stereometry (chapter 3). This method enables the fastest (up to 600 Hertz) and
the most precise motion recording (up to 0.01 mm). It yields a very good
visualization of the kinematics of the TMJ’s bony structure. Furthermore,
the results can be analyzed numerically. Trajectories of single points of
interest can be calculated and visualized as well as the path of the mean
minimal intra-articular distance. Furthermore and as mentioned earlier,
three-dimensional reconstructed joints of different recordings can be superimposed precisely. This enables the comparison of a joint before and after
a surgery, for instance.
Because dynamic stereometry is very precise, it is also very sensitive to
errors. Possible errors are slightly wobbly splints, a not exactly repositioned face-bow, and head movements during MR recordings.
However, dynamic stereometry is a powerful instrument to study TMJ
kinematics in relation to the anatomy.

6.1.5 OPTIS
Based on the principles of Jaws3D, OPTIS, a new opto-electronic tracking
system, was developed, in order to optimize and extend the current functions. The main improvements are an enlarged field of view of (200 mm)3,
a faster recording frequency of 200 Hertz for 18 LEDs or up to 600 Hertz
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for 6 LEDs, and a higher resolution achieved by signal processing for subpixel precision. Furthermore, different OPTIS systems can be combined
and external signals can be recorded synchronously. However, the system
could not be finished completely during the time available for this thesis.
For this reason, the process of validation has to be performed at a later date.

6.2 Studies
The first two studies have shown that simplifications to TMJ kinematics
may fail. The points that best approximate the fossa shape are not in a systematic geometric relation with the condyle. Therefore, the use of traces of
a univocal condylar point appears questionable for an optimal approximation of the fossa shape. Furthermore, the location of the kinematic center
appeared to be unpredictable. Its anatomical significance is therefore questionable.
However, the third study has shown that the differences of the minimum
intra-articular distances between jaw opening and closing are consistent
with those of the traces of the kinematic centers, but in contradiction to
findings by other authors.
Consistent with other authors, the majority of the examined asymptomatic
TMJs in a further study appeared to be laterally exposed to higher stressfield translation velocities. These higher stress-field translation velocities
may identify regions and patterns of possible fatigue exposure of the disc.
Studies on human cadavers have also found a large number of perforations
on the lateral side of the disc.
In another study clicking TMJs showed much less coincident paths of the
minimum joint space during jaw opening and closing phases than asymptomatic joints and the aspect ratio of the areas of minimum intraarticular
distance in clicking TMJs had a much larger variability than in asymptomatic joints.
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In summary the TMJ performs highly complex movements in all three
dimensions. The movements are very sensitive to the anatomical structure
and therefore to small anatomical changes. Thus, all two-dimensional simplifications of TMJ movements risk to fail, because they cannot cover the
whole three-dimensional complexity. A sophisticated recording, visualization and analysis method like dynamic stereometry is required to investigate TMJ kinematics.
Direct in vivo measurements of the TMJ disc load are impossible. A method
for an indirect representation of the load is given by the minimal intra-articular distances and the aspect ratio. Although they indicate where the highest loads are expected, they only give relative and no absolute information
on the loads. Finite element studies can provide this. As mentioned before
they could not be performed within this thesis due to the complexity of such
studies.

6.3 Conclusion
Three systems have been presented, which enable studies on the relationship between functional properties and anatomical structure of the temporomandibular joint: true dynamic magnetic resonance imaging, pseudo
dynamic magnetic resonance imaging including a three-dimensional reconstruction of the joint, and dynamic stereometry. They all have their advantages and disadvantages, but combined they provide a lot of information
about the TMJ and its kinematics. A few studies on the mentioned topic
have been performed. They show once more, how complex the TMJ kinematics are and they confirm the need of sophisticated systems in order to
pursue further research on the TMJ. These studies cover only a small area
of research. Further studies - may be based on the instruments or results
provided by this thesis - are required for a better understanding of the TMJ.

List of abbreviations and definitions
CCD

Charge-Coupled Device, digital camera.

Condyle

Articular process of the mandible.

CT

Computed Tomography: a medical 3D imaging system
based on X-rays. CT is suitable to record bony structures.

EPI

Echo Planar Imaging: pulse sequence for magnetic resonance imaging. See chapter 2.3.4.

FFE

Fast Field Echo: a MRI pulse sequence on Philips systems, that is identical to the GE pulse sequence.

FFT

Fast Fourier Transform: a fast algorithm for computing
the Fourier transform of a set of discrete data values.
Given a finite set of data points, the FFT expresses the
data in terms of its component frequencies.

FID

Free induction decay (MRI): the sinusoidal signal generated by spins in the x-y plane that decays exponentially
with time.

Fossa

Articular cavity of the temporomandibular joint formed
by the squamous part of the temporal bone.

GE

Gradient Echo: pulse sequence for magnetic resonance
imaging. See chapter 2.3.3.

Jaws-3D

Opto-electronic jaw tracking system that records
mandibular movements in all six degrees of freedom.
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Larmor
frequency

The frequency, at which the nuclei oscillate about the
magnetic field direction. The Larmor frequency is proportional to the applied magnetic field strength.

LED

Light Emitting Diode.

MRI

Magnetic Resonance Imaging: a medical 3D imaging
system. H1 protons are exposed to strong magnetic fields
and excited by radiofrequency. The measured signal is
proportional to the hydrogen concentration in the corresponding tissue.

PD

Proton Density (MRI): the density, or concentration, of
protons in each tissue voxel. It determines the maximum
level of magnetization that can be obtained.

Pixel

Basic element of a two-dimensional image storing a single color or gray value.

OPTIS

Optical Precision Tracker with Infrared Sensors: a new
opto-electronic jaw tracking system that records
mandibular movements in all six degrees of freedom.

RF pulse

Radio Frequency pulse (MRI): an electromagnetic signal
at the Larmor frequency, which forces the nuclei in the
lower energy state to jump into the higher energy state.

SE

Spin Echo: pulse sequence for magnetic resonance imaging. See chapter 2.3.1.

T1

Longitudinal relaxation time (MRI). T1 designates the
time required for the magnetization to reach 63% of its
maximum.
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T2

Transverse or spin-spin relaxation time (MRI). T2 designates the decay of transverse magnetization (i.e., relaxation) due to a dephasing among individual nuclei.

T2*

Rapid transverse relaxation time due to the inherent inhomogeneity of the magnetic field (MRI). It is characterized
by the loss of transverse magnetization at a rate greater
than T2.

T

Tesla: a SI unit of magnetic flux density or magnetic
inductivity.
1 T = 1 V·s·m-2 = 1 kg·s-2·A-1 = 1 N·A-1m-1 = 1 Wb·m-2

TE

Time to Echo event (MRI): the time between the initial
phase-encoding RF pulse and the center of the acquisition
period

TMJ

Temporomandibular joint: joint between the mandible
and the temporal bone (condyle and fossa).

TR

Time of Repetition (MRI): the amount of time between
consecutive phase-encoding RF pulses.

TSE

Turbo Spin Echo: pulse sequence for magnetic resonance
imaging. See chapter 2.3.2.

Vertex

A vertex is a point in 3D space with a particular location,
usually given in terms of its x, y, and z coordinates.

Voxel

The smallest distinguishable box-shaped part of a threedimensional space.
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