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Chapter 3

The intra-articular distance within the TMJ
during free and loaded closing movements

J.J.R. Huddleston Slater, C.M. Visscher, F. Lobbezoo and M. Naeije
J Dent Res 1999; 78: 1815-20
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Abstract

Previous studies on free opening and closing movements of the mandible have demon-
strated that the opening movement traces of the condylar kinematic center (i.e., the
condylar point for which the protrusive and the opening movement traces coincide) lie clos-
er to the articular eminence than the closing traces. This indicates the presence of an
intra-articular distance within the joint during free closing. Since the mandible behaves like
a class lll biomechanical lever, a counteracting mechanical load on the mandible during
closing will press the condyle-disc complex against the articular eminence. Therefore, in this
study the hypothesis was tested that the difference between opening and closing movement
traces of the kinematic center is reduced when the closing movements are counteracted by
a mechanical load. From 10 healthy participants, 20-second movement recordings were
obtained by a six degrees of freedom opto-electronic jow movement recording system
(OKAS-3D) for three types of movements: (1) free opening and closing movements, (2) free
opening and loaded closing movements (i.e., the participants closed against a small or
high manually applied downward-directed force to the chin}, and (3} gum chewing. Off
line, the opening and closing movement traces of the kinematic center were reconstructed,
and the average difference between the traces (the intra-articular distance) was calculat-
ed. The average intra-articulor distance was significantly smaller during loaded closing
than during free closing, whereas no significant differences were found in the intra-articu-
lar distances between the loaded situations of low and high manual loading and
contralateral chewing [ANOVA and post hoc Bonferroni multiple comparisons of means
test, p<0.005). In conclusion, loading of the mandible during closing movements reduces

the intra-articular distance within the temporomandibular joint.
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Introduction

The human masticatory system has many functions, such as chewing, speaking, and
laughing. During some of these functions, the muscles are only slightly aclivated, and the
temporomandibular joints of the masticatory system will probably hardly be loaded.
During other functions, such as chewing, the muscles are more strongly activated, and it is
likely that the joints are then loaded. However, since it is difficult to record joint loading in
vivo, there are few experimental data to the actual loading of the human temporo-
mandibular joint during function. A detailed analysis of the movements of the condyle
within the fossa may yield more insight into the loading of the joint during function.

In a method for three-dimensional reconstruction and animation of the temporo-
mandibular joint, magnetic resonance tomograms of the joint have been combined with
jaw motion data, recorded with six degrees of freedom (Krebs et al., 1994, 1995; Palla et
al., 1998). In the latter study, data for the minimum distance between the condylar surface
and the surface of the articular eminence were given. The authors concluded that the min-
imum condyle-fossa distance is smaller on closing than on opening, both during free
movements and during chewing. Their results on the condylefossa distance during free
mandibular movements seem to contradict the findings of another recent study (Yatabe et
al., 1997). In an opto-electronic study on the free opening and closing movements of the
mandible, these authors analyzed in detail the movements of the kinematic center of the
temporomandibular condyle. According to the authors’ definition (Yatabe et al., 1995), the
kinematic center is situated in the (mathematical) center of that (circular) part of the surface
of the condyle/disc complex, which stays in contact with the articular eminence during var-
ious condylar movement tasks (see also Fig. 3A). From their observations that the opening
path of the kinematic center lies above the closing path, the authors concluded that the
condyle lies closer to the articular eminence during opening than during closing.

A biomechanical model of the human temporomandibular joint {Osborn, 1989, 1993)
suggests that the condyle-disc complex slides along the articular eminence during opening.
The observation of a small distance between the opening and closing tracings of the kine-
matic center (Yatabe et al., 1997) would then indicate the presence of a small distance
between the condyle-disc complex and the articular eminence (the intra-articular distance)
during closing. According fo the class Ill bentHever biomechanical action of the mandible
{DuBrul, 1988}, the condyle/disc complex is pressed against the articular eminence when

the closing movement of the mandible is counteracted by o downwards directed force
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applied to the chin or by a food bolus in the mouth. This pressure then reduces the intra-

arficular distance within the TMJ, and this should manifest itself in a reduced distance
between opening and closing traces of the kinematic center.

In this study, we tested the hypothesis that the difference between the opening and clos-
ing movement paths of the kinematic center of the temporomandibular condyle, as a
manifestation of the intra-articular distance within the joint during closing, is reduced when

the jaw closing movements are counteracted by a mechanical load.
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Materials and methods

Participants

Ten participants, six women and four men, aged 20 to 32 yrs (mean + SD = 24.5 +
3.1) were included in the study aofter giving informed consent. All had an Angle class |
molar relafionship without an interruption in the dental arches until the second molars, and
were free of orthodontic abnormalities such as a crossbite or an excessive overbite (>5
mm}. They were screened for the absence of signs and symptoms of a craniomandibular
disorder. Special attention was given to the absence of joint sounds. This was checked by
means of a questionnaire, palpation, and auscultation with a stethoscope. The scientific
and ethical aspects of the protocol of this study were reviewed and approved by a review
board of the Netherlands Insfitute of Dental Sciences {IOT).

Recording system

Mandibular movements were recorded by means of the OKAS-3D system (Naeije et
al., 1995). OKAS-3D is an opto-electronic system capable of recording mandibular mofion
with six degrees of freedom at a sampling frequency of 300 Hz per coordinate. For the
simultaneous recording of the position of the mandible and the maxillg, three pairs of pho-
tocells were located on each of two lightweight frames {12 g}, which were rigidly fixed to
the vestibular surfaces of the upper and lower incisors and canines by means of individu-
ally made polyacryl clutches. The upper frame recorded the movements of the head and
the lower frame the combined movements of the head and the mandible. Two cathode ray
tube (CRT) displays, oriented perpendicular to each other, tracked the movements of the
photocells. Using the formulas of rigid-body mathematics, we could calculate the movement
path of any point of the mandible relative to the maxilla offline. The characteristics {i.e.,
noise, linearity, and accuracy) of OKAS-3D have been described elsewhere (Naeije et al.,
1995). At the start of each experiment, the coordinates of the lateral poles of the condyles
with respect fo the lower jaw reference frame were recorded by means of a specially devel-
oped pointer. The position of the lateral pole was found by palpation. The horizontal plane
of the lower or upper reference frame runs parallel to the occlusal plane; the vertical plane

runs parallel to the medial plane of the participant’s head.
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Experimental protocol

During the recordings, the participant was seated upright and could move his or her
head freely within the range of the CRT displays. During 20-second recordings, the fol-
lowing types of movement tasks were performed:

* free opening and closing movements. The participant was instructed fo open

as far as possible without discomfort.

 protrusion and retrusion movements with tooth guidance. These movements

were recorded to calculate the location of the kinematic center {see below).
* free opening and low-level loaded closing movements. A small, manually
applied, downward-directed force (£ 30 N) on the chin was exerted while
the participant was closing. The amount of manual force was calibrated using
a weight scale.

* free opening and high-level loaded closing movements. A manually applied,
downward-directed force (£ 50 N) on the chin was applied during closing.
The amount of manual force was calibrated by means of a weight scale.

* gum chewing. Mandibular loading was also achieved by means of gum
chewing (5 pieces of Xylifresh 100, Leaf Holland B.V., Amsterdam, The
Netherlands). Prior to the recordings, the participants were instructed to chew
on the gum until it was soft. Subsequently, recordings were made of chewing
on the right and left sides.

Since each movement task lasted about two seconds, on the average, 9 or 10 move-
ments were performed during a 20-second recording. For each movement task, ot least two
20-second recordings were made. The 20-second recording with the least variation
between its subsequent movement patterns was chosen for further analysis, by human eye-

ball criteria.

The kinematic center

The choice of a condylar reference point has great influence upon the reconsiructed
movement path (Préschel et al., 1993; Zwijnenburg et al., 1996; Peck et al., 1997). As
early as 1968, the kinematic axis was suggested for the reconstruction of condylar move-
ments (Kohno, 1968). The concept of the kinematic axis was adopted by Préschel et al.
(1993) and slightly adapted and renamed the kinematic center by Yatabe et al. (1995).
According to Yatabe's description, the kinematic center is situated in the {mathematical)

center of that (circular) surface of the condyle-disc complex, which stays in contact with the
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articular eminence during the various condylar movement tasks. As a consequence, its
movement traces for opening and protrusive condylar movements should coincide. This
coincidence is used as the criterion for finding the location of the kinematic center. The
software procedure used in this study scans the sagittal condylar plane {which runs paral-
lel to the medial plane of the participant’s head and through the lateral pole of the
condyle) for that point at which the opening and protrusive movements best coincide
{Yatabe et al., 1995, 1997). All participants were able to make a protrusion/retrusion
movement of at least 10mm, which was benificial for the accuracy with which the location

of the kinematic center could be estimated.

The intra-articular distance

In this study, the average distance between the opening and closing movement fraces
of the kinematic center is regarded as a measure for the intra-articular distance during a
closing movement. To calculate the intra-articular distance, we divided the opening move-
ment trace of the kinematic center into 100 horizontal increments of equal length. At each
increment, the vertical distance between the opening and closing movement traces was
determined. The intra-articular distance during the closing phase of a movement, then, is
the mean value of these 100 vertical distances. Subsequently, the average intra-articular
distance of the 9 or 10 movements of a 20-second recording was calculated and used for
further statistical analysis.

The value of the intra-articular distance will be influenced by various experimental fac-
tors, among which is the noise in the traces of the kinematic center. To gain an impression
of the value of the intra-articular distance in case the movement traces coincide, we also
calculated the average distance between the 9 or 10 opening traces of the 20-second
recording of free opening and closing movements. The distance between the opening
traces was calculated, because opening traces show a better coincidence than closing
traces {Yatabe et al., 1997).

Statistical analysis
The data were analyzed with a two-way analysis of variance and a subsequent post
hoc Bonferroni multiple comparison of means test. Probability levels of P<0.05 were con-

sidered statistically significant.
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Results

Fig. 1 shows a typical example of the sagittal movement traces of the kinematic center
for free opening and closing jaw movements, for free opening and low- and high-level
loaded closing movements, and for chewing movements on the contralateral side. The Fig.
illustrates a reduction in intra-articular distance during loaded closing movements as com-

pared with the distance during free closing movements.

N = c

10 mm

Fig. 1: Typical example of the sagittal movement traces of the kinematic center for free opening and
closing (A), for free opening and for closing against low (B) and high (C) manual resistance, and for
chewing on the contralateral side (D). During loaded closing movements, the intra-articular distance is
reduced compared with the distance during free closing movements. The top left point point of each

trace is the condylar position with the mandible in the intercuspal position.
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Differences between the mean values of the intro-articular distance of the four move-

ment tasks (free closing movements, low- and highlevel loaded closing movements, and

chewing on the contralateral side) and the mean values of the distance between coincid-

ing opening movements traces were analyzed by a two-way analysis of variance.
Significant differences between mean values were found (Table, Fig. 2 [p<0.0000]). A sub-

sequent post hoc Bonferroni multiple comparisons of means test {a. = 0.05) showed that

there were no differences in intra-arficular distance among the different loaded closing
movements (low- and high-evel loaded closing movements, and chewing on the contralat-
eral side). On the other hand, the intra-articular distance during free closing movements
was larger and the average distance between coinciding opening movement traces was

smaller than the intra-articular distance during loaded closing movements {p<0.005).

Table 1: Results of the two way analysis of variance for the intra-articular distonce.

Source DF F P

Type o 3 22.39 0.0000

Joint b 19 4.30 0.0000
Type* Joint 57

a Influence of types of closing movements (free closing, closing against a low and high manual
resistance, and closing during chewing on the contralateral side) on the average intra-articular
distance in the 20 joints.

b Inter-subject difference for the 20 joints.




intra-articular distance (mm)

A B C D E

Fig. 2: The average intra-articular distance and its standard deviation for free closing (A), and for
closing against a low (B) and high (C) manual load, and for closing while the subject chewed on the
contralateral side (D). The average distance between coinciding opening traces is also shown (E)

(n=20).

Discussion

The results of this study indicate that the counteraction of the mandibular closing move-
ments by a mechanical load reduces the average distance (the intra-articular distance)
between opening and closing movement traces of the kinematic center of the temporo-
mandibular condyle.

It has been pointed out in the literature that the trajectory of a single, preselected

condylar point can never represent the actual motion of the condyle (Palla et al., 1998).

Since the planar motion of a body can be regarded as a sequence of translations of an
(arbitrary) point of that body and of rotations around this point, it is true that the body’s
motion can never be fully described by the trajectory of just a single point of that body.
However, the translatory component of the motion of a body is often regarded to be iden-

tical to the whole motion of the body. For example, the motion of a ball, rolling down a hill,




is often identified with the motion of its center, moving parallel to the surface of the hill. The
kinematic center, used in this study for the description of condylar motion, is situated in the
center of that part of the (circular) surface of the condyle/disc complex, which articulates
with the articular eminence (Yatabe et al., 1997). According to a biomechanical model of
the masticatory system (Osborn, 1989, 1993), the condyle/disc complex is in contact with
the articular eminence during jaw opening. The kinematic center will then stay at a constant
distance from the articular eminence and move parallel to its contour. This opens the pos-
sibility for the study of condylar movements with respect to the articular eminence. In this
respect, the difference between the opening and closing kinematic center traces can be
regarded as an indication for the existence of a small distance between the condyle-disc
complex and the articular eminence during closing (the intra-articular distance; see Fig.

3a).
: : ® . :
Kinematic center Intra-articular distance Kinematic center

w

-~

N
Opening —Jp» , Opening ——Jp»

< Closing <€— Closing

Fig. 3: Schematic drawings of the relationship between the intra-articular distance and the difference
between opening and closing movement traces of the kinematic center during free opening and closing

(A) and during free opening and loaded closing (B).

This study has shown that the intra-articular distance within the TMJ is smaller during
loaded closing movements than during free closing movements. However, the calculated
intra-articular distance for loaded closing movements was not zero and was slightly larger
than the distance between coinciding opening traces. Since it cannot be expected that, for
coinciding opening and closing traces, the intra-articular distance will be exactly zero, the
question is raised: For which value of the intra-articular distance may one conclude that the
opening and closing traces coincide? The average distance between coinciding opening

traces probably gives an underestimation of this value. Experimental factors have their influ-
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ence upon the (detailed) characteristics of the movements traces of the kinematic center

and thus also upon the distance between opening and closing traces. Among these factors
are: (1) the noise in the reconstructed movement traces of the kinematic center; (2) the
accuracy with which the location of the kinematic center can be estimated; (3) the validity
of the approximation that the surface segment of the condyle/disc complex, which articu-
lates with the arficular eminence, is circular; {4) the possibility that, both for the manually
applied force and for chewing, the full range of the closing movement was not actually
loaded; and (5) the validity of the applicafion of the rigid-body mathematics in the recon-
struction of condylar movement traces. Each factor contributes to an increase in the
calculated distance between opening and closing traces. Although it is difficult to estimate
the magnitude of the effects of these experimental factors individually, it is likely that, as a
whole, they are responsible for the finding that the intra-articular distance for loaded clos-
ing movements was larger than the distance between coinciding opening traces. Moreover,
the difference between the loaded intra-articular distance and the distance between coin-
ciding opening traces was so small (see Fig. 2) that, in our opinion, the conclusion can be
drawn that condylar movement traces during opening and loaded closing coincide (Figs.
1, 3b}.

According to the generally accepted class Ill bentlever biomechanical action of the
mandible {DuBrul, 1988), the condyle/disc complex is pressed against the articular emi-
nence when the closing movement of the mandible is counteracted by a downwards
directed force applied to the chin or by a food bolus in the mouth. The coincidence of open-
ing traces with loaded closing traces then indicates that, during jaw opening, the
condyle/disc complex is also (slightly) pressed against the articular eminence. This is in
accordance with the “rotate and swing” model of mandibular opening {Osborn, 1989,
1993} and is also supported by the results of biomechanical modeling of jaw open-close
movements (Koolstra and Van Eijden, 1997). This latter study also supports the presence of
an intra-articular distance during free closing: The mode! predicts that the joint load is small-
er during closing than during opening. The sliding of the condyle-disc complex along the
arficular eminence during opening and the intra-articular distance within the TMJ during
free closing may correspond to the dlinical observation that joint sounds (clicks and crepi-
tation) are usually louder on opening than on closing. The increased joint pressure during
loaded closing may account for the often-observed clinical phenomenon that the joint

sounds are then usually much louder.
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In one of the first studies to the functional movements of the condyle, it was suggested

that, during chewing and on the working side, different computed trajectories between
opening and closing are followed (Gibbs and Lundeen, 1982). However, in that study, the
trajectories of the hinge axis point were reconstructed. Since, in general, the kinematic cen-
ter and the hinge axis of the TMJ do not coincide (Préschel et al., 1993; Catic and Naeije,
1999), these two condylar reference points will follow different trajectories during opening
and closing. This makes it difficult to compare results based upon these reference points. In
a method for three-dimensional reconstruction and animation of the temporomandibular
joint, magnetic resonance tomograms of the joint have been combined with jaw motion
data, recorded with six degrees of freedom {Palla ef al., 1998}. In that study, the minimum
distance between the condylar surface and the surface of the artficular eminence was esti-
mated. It was found that the minimum condylefossa distance is smaller on closing than on
opening, both during free movements and during chewing. These results seem to contradict
not only our previous findings on free opening and closing traces (Yatabe et al., 1997), but
also the findings in this study on loaded closing movements. Our findings suggest a larger
distance of the condyle-disc complex fo the arficular eminence during free closing than dur-
ing free opening, and no difference in distance during free opening and loaded closing.
Unfortunately, the methods used in the two studies are so different that a comparison of
data is practically impossible. Hence, further studies are needed to elucidate this point on
the loading of the joint during function. In this respect, a study was recently performed in
our laboratory in which it was shown that the intra-articular distance is also influenced by
head posture {Visscher et al., 2000). The intra-articular distance for opening and closing
movements with the head in a “forward head posture” is larger than with the head in its
natural position. With the head in a “military posture”, and with the head in lateroflexion
in the joint to which the head has moved, the intra-articular distance is smaller. This indi-
cates that a change in jaw loading as the result of a change in head posture also influences
the intra-articular distance within the TMJ.

In conclusion, loading of the mandible during closing movements reduces the intra-

articular distance within the temporomandibular joint.
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