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ObjectiveTo develop a method of measuring 3dimensional kinematics of the temporomandibular
joint (TMJ) in horses chewing sweet feed.
Animals4 mature horses that had good dental
health.
ProcedureMarkers attached to the skin over the
skull and mandible were tracked by an optical tracking
system. Movements of the mandible relative to the
skull were described in terms of 3 rotations and 3
translations. A virtual marker was created on the midline between the rami of the mandibles at the level of
the rostral end of the facial crest to facilitate observation of mandibular movements.
ResultsDuring the opening stroke, the virtual midline mandibular marker moved ventrally, laterally
toward the chewing side, and slightly caudally. During
the closing stroke, the marker moved dorsally, medially, and slightly rostrally. During the power stroke, the
mandible slid medially and dorsally as the mandibular
cheek teeth moved across the occlusal surface of the
maxillary cheek teeth. The 4 horses had similar chewing patterns, but the amplitudes varied among horses.
Conclusions and Clinical RelevanceThe TMJ
allows considerable mobility of the mandible relative
to the skull during chewing. The method presented in
this report can be used to compare the range of
motion of the TMJ among horses with TMJ disease or
dental irregularities or within an individual horse
before and after dental procedures. (Am J Vet Res
2006;67:423–428)

T

emporomandibular joint motion is affected by dental
wear and the presence of malocclusions, but the type
and amount of motion at the equine TMJ have not been
quantified accurately. Optical motion capture systems are
now available that have sufficient accuracy and precision
to measure 3-dimensional motion of the TMJ. A prerequisite to evaluating 3-dimensional motion is the establishment of coordinate systems in the segments proximal
and distal to the joint. Grood and Suntay1 developed a
system that provides a simple geometric description of
the 3-dimensional rotational and translational motion
between rigid bodies. Placing markers on key anatomic
locations creates segmental joint coordinate systems,
such that the axes of the coordinate systems are aligned
with anatomic axes of the body segments.
The location of 1 coordinate system relative to
another is described either by Euler angles (or Cardan
angles) or by the concept of a helical axis. Euler angles
are defined as a set of 3 finite rotations assumed to take
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place in sequence to achieve the final orientation from
a reference orientation.2 Displacement of a segment
from 1 position to another can also be represented as a
rotation about and a translation along a particular axis
in space called the helical axis or screw axis.3
In the study reported here, motion of the mandible
relative to the skull will be defined by the following 3
successive rotations: pitch, roll, and yaw,4 where pitch is
a rotation about the transverse horizontal axis, roll is a
rotation about the longitudinal axis, and yaw is a rotation about the vertical axis. Fredricson and Drevemo5
used the same coordinate system to describe equine
hoof motion. A complete description of 3-dimensional
motion also requires the measurement of translations
along 3 axes, which will be described in the rostrocaudal, dorsoventral, and mediolateral directions.
Human patients with TMJ disorders are clearly
separated from asymptomatic subjects by significant
differences in the range of mandibular movements,
including mouth opening, right and left lateral movements, and protrusive movement of the mandible.6
Analysis of the human masticatory cycle in the frontal
and sagittal planes has shown that TMJ abnormalities
are associated with significantly slower chewing cycles,
in which the jaws are closed more slowly but opened
more rapidly.7 Furthermore, it is usually possible to use
these data to determine whether the left or right joint
was compromised. In horses, dental floating has been
shown to increase TMJ mobility in the rostrocaudal
direction but specific dental abnormalities associated
with reduced mobility were not identified.8
Rostrocaudal mobility of the mandible was assessed by
use of a ruler to measure the distance between the rostral aspect of the first upper incisor teeth and the rostral aspect of the first lower incisor teeth when the
head was held with the mandible parallel to the ground
and with the atlanto-occipital joint fully flexed. There
does not appear to have been any accurate measurements of the pattern or amount of motion at the equine
TMJ during chewing. The objectives of the study
reported here were to develop a method of measuring
the normal, 3-dimensional motion of the equine TMJ
during chewing with 6 degrees of freedom (3 translations and 3 rotations) by use of Euler angles as the
rotational position coordinates and to describe the 3dimensional movements of the mandible in terms of a
virtual marker created midway between the left and
right rami in 4 horses chewing sweet feed.
Materials and Methods
AnimalsA university committee for animal use and
care approved this study. Subjects were 4 horses (1
Thoroughbred, 1 Appaloosa, 1 Hanoverian, and 1 Quarter
Horse) 5 to 15 years of age that were in good general and
dental health and had no dental irregularities or maloccluTMJ Temporomandibular joint
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sions. Horses ranged in height from 155 to 168 cm at the
withers and in body weight from 515 to 608 kg.
Kinematic data collectionMarker locations were
clipped, and the skin was cleaned with alcohol. Twelve spherical, reflective, tracking markers, 2.54 cm in diameter, were
attached to the skin overlying palpable bony landmarks with
cyanoacrylate glue (Figure 1). Two tracking markers were
placed on the dorsal midline of the face; 1 was located on the
forehead at the level of the orbit, and the second was located
approximately 10 cm further rostrally. Five tracking markers
were placed on each side of the head in the following locations: middle of the facial crest, rostral part of the facial crest,
notch where the facial vessels cross the ventral edge of the
mandible, and dorsally and ventrally on the caudal edge of the
mandibular ramus. In addition, 4 virtual markers were located over the right and left articular tubercles of the skull and
the right and left condylar processes of the mandible.
Kinematic data were collected at a sampling rate of
120 Hz by use of 6 strobed, infrared camerasa placed in a
semicircle around the volume that would be occupied by the
horse’s head. Data collection volume, which measured
approximately 2 X 1 X 1 m, was calibrated by the motion
analysis system.b
Data collection began with the recording of 2 stationary
files. During the first stationary file, the horse stood with its
head in the calibrated volume, with the 12 tracking markers in
place and 2 temporary markers attached over the articular
tubercles. Data were collected for 1 second at 60 Hz while the
horse was stationary (not chewing). Temporary markers were
removed from the articular tubercles and attached over the
condylar processes of the mandible for the second stationary
file. Again, the horse stood in the calibrated volume while data
were collected for 1 second at 60 Hz. Temporary markers were
then removed. Stationary files were used to calculate locations
of the articular tubercles and condylar processes from the positions of the tracking markers during postprocessing of data.
During data collection, tracking markers were recorded
at 120 Hz as horses chewed sweet feed.c The horse was positioned with its head in the calibrated volume and offered the
feed. The horse was allowed to eat uninterrupted for at least
2 minutes before commencing data collection. A data set was
considered acceptable if the horse did not move its head out
of the calibrated volume, did not make any rapid head movements, and was not in the process of ingesting feed. A single
trial consisted of a minimum of 4 chewing cycles, and 6 trials/horse were recorded.

measurements were < 1 mm.9 Files were analyzed through a
customized programd to determine mandibular motion relative to the skull.
Temporary coordinate systems were created on the skull
and on the mandible. The origin of the skull coordinate system
was located at the forehead marker, and the origin of the
mandibular coordinate system was located at the ventral marker on the right ramus of the mandible. These locations were
chosen because they appeared to have the least amount of skin
displacement relative to the underlying bones during chewing.
Vectors from the local origin to each marker on the segment were determined. A generalized cross-validation was
performed on the tracked data to remove high-frequency
noise.3 This technique is a filtering process that fits a cubic
spline to the raw data. A transformation matrix and a translation vector were determined by use of a singular value
decomposition method on the basis of the work of Soderkvist
and Wedin.10 This algorithm produces a rotation matrix and
a translation vector that describe the rotation and translation
of the mandibular coordinate system from its neutral position in the standing file to the orientation in each frame of
tracked data, while minimizing high-frequency errors that
possibly arise from skin displacement. Data were smoothed,
and transformations describing mandibular motion were
obtained. Orthogonal coordinate systems based on anatomic
planes were then established for the skull and mandible. This
allowed motions to be described in meaningful anatomic
terms. Euler angles were calculated directly as described by
Ramakrishnan and Kadaba.11
A virtual midline mandibular marker was created and
tracked relative to the skull’s coordinate system. The purpose
of this marker was to aid in viewing mandibular motion and
to facilitate comparisons with previous studies12,e that estimated relative motion between skull and mandible by tracking markers on the upper and lower lips. The virtual marker
was created along the midline of the mandible by use of the
mean x-coordinates (rostrocaudal direction) of the rostral
facial crest markers and the z-coordinates (dorsoventral
direction) of the markers placed over the notch on the
mandible from the standing file. The y-coordinate (mediolateral direction) was set equal to zero to place this virtual
marker on the midline between the left and right mandibular

Data analysisMarkers were tracked automatically. For
the data acquisition setup used in this study, errors in linear

Figure 1Drawing of temporary marker (1 and 2) locations and
tracking marker (3 to 9) locations. Markers 1 to 7 were placed
bilaterally; markers 8 and 9 were placed on the dorsal midline.
424

Figure 2Drawing of axes used to describe mandibular translations and rotations. Notice the positive directions of the x-, y-,
and z-axes (straight lines with arrows). Right-handed coordinate
systems (curved arrows) are used to define the positive direction of rotations about the x-axis (pitch), the y-axis (roll), and the
z-axis (yaw).
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rami. This virtual marker was then tracked relative to the
or maximal negative (for horses chewing on the right side)
skull’s coordinate system as a general indicator of mandibuvalue of the y-coordinate, expressed as an absolute value. The
lar displacement.
chewing cycle was divided into 3 phases or strokes. The
All stationary and tracking files were processed with
opening stroke occupied the time between the minimum and
customized software. The output produced 3 Euler angles
maximum pitch angles. It was followed by the closing stroke,
and 3 translations that described the orientation of the
which ended when the yaw angle reached its largest absolute
mandible relative to the skull for each frame of data.
value (positive for chewing on the left and negative for chewThe coordinate system for the mandible was defined such
ing on the right). The power stroke, during which the
that the rostrocaudal (x) axis was positive in a rostral direcocclusal surface of the mandibular arcade grinds across the
tion, the mediolateral (y) axis was positive to the left, and the
occlusal surface of the maxillary arcade, occupied the time
dorsoventral (z) axis was positive upwards (Figure 2). The 3
between the end of the closing stroke and the start of the next
translations occur along these axes. Employing the convenopening stroke.
tion of right-handed coordinate systems, positive pitch (α)
For the virtual midline mandibular marker, displaceabout the y-axis was defined as rotating the mandible to open
ments in the x- and z-directions were calculated as the difthe mouth and negative pitch was closing the mouth.
ference between the maximum and minimum coordinate valPositive roll was a counterclockwise rotation (β) about the xues in each direction. Displacement in the y-direction was
axis, when viewed from the front of the horse, and negative
the maximal displacement to the left (positive value) or right
roll was a clockwise rotation. Positive yaw occurred when the
(negative value), expressed as an absolute value. Distances
jaw rotated (γ) counterclockwise about the z-axis, when
covered by the mandibular marker during the opening and
viewed from above, and negative yaw was clockwise. In addiclosing strokes were measured.
tion, the x-, y-, and z-location of the virtual midline
Statistical analysisMean ± SD values were calculated
mandibular marker relative to the skull’s coordinate system
for
the
measured variables within horses and for the entire
was calculated for each frame of data.
group. Descriptive statistics were calculated by use of comData were processed for the first 3 complete, consecumercial software.f
tive chewing cycles in each trial. A cycle was defined from 1
minimum pitch angle to the next, which coincided with the
Results
mouth being fully closed. As the mouth opened, the pitch
Of the 4 horses, 2 chewed only on the right side
angle increased, and as the mouth closed again, the pitch
during data collection and 2 chewed only on the left
angle decreased and returned to a minimum value. The
chewing side was determined as the side
toward which the mandible moved during
the closing stroke.
Data were normalized by subtracting the
output from the stationary files from the output from the tracking file for all trials. Euler
angles and the mandibular translations in
each direction were averaged over 60 frames
of standing-file data and subtracted from the
equivalent values for the tracked files.
Likewise, the x-, y-, and z-locations of the
virtual midline mandibular marker, averaged
over 60 frames of the standing file, were subtracted from values measured in the tracked
files. These data are described as normalized.
From the normalized data, the range of
angular displacement for pitch, roll, and yaw
was calculated as the difference between the
maximum and minimum values for each
cycle. Translations of the mandible in the rostrocaudal and dorsoventral directions were
calculated as the difference between the maximum and minimum values recorded along
the x- and z-axis, respectively. Translation in Figure 3Graphs of Euler angles of pitch (top), roll (middle), and yaw (bottom) verthe mediolateral direction was the maximal sus frame number for 3 successive chewing cycles (1 complete trial) of a horse
positive (for horses chewing on the left side) chewing on the right side.
Table 1Mean ⫾ SD values* for mandibular rotational and translational ranges of motion in 4 horses.
Variable
Ranges of rotational motion
Pitch (o)
Yaw (o)
Roll (o)
Ranges of translational motion
Rostrocaudal (cm)
Mediolateral (cm)
Dorsoventral (cm)

Horse 1

Horse 2

Horse 3

Horse 4

Group mean

2.25 ⫾ 0.44
2.56 ⫾ 0.78
0.55 ⫾ 0.10

4.58 ⫾ 0.54
3.12 ⫾ 0.33
1.05 ⫾ 0.25

3.45 ⫾ 0.08
3.02 ⫾ 0.06
1.26 ⫾ 0.08

2.58 ⫾ 0.22
3.55 ⫾ 0.14
0.72 ⫾ 0.15

3.22 ⫾ 0.32
3.06 ⫾ 0.33
0.90 ⫾ 0.15

7.58 ⫾ 0.55
2.64 ⫾ 0.66
2.35 ⫾ 0.71

12.87 ⫾ 2.25
10.55 ⫾ 2.14
4.36 ⫾ 0.82

12.30 ⫾ 0.51
4.64 ⫾ 0.64
4.21 ⫾ 0.55

6.65 ⫾ 0.82
7.59 ⫾ 1.25
2.42 ⫾ 0.21

9.85 ⫾ 1.03
6.36 ⫾ 1.17
3.34 ⫾ 0.57

*Values for individual horses are means of 4 trials, each with 3 chewing cycles. Values for group are
means of the 4 horses.
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Figure 4Normalized midline mandibular marker movement in
the z-y (transverse) plane from 1 chewing cycle for a horse
chewing on the left side. Notice the direction of mandibular
motion (arrowheads). 1 = Minimum pitch angle, mandible fully
raised, mouth closed. 2 = Maximum pitch angle. 3 = Maximum
lateral excursion.

Figure 5Normalized midline mandibular marker movement in
the z-x (sagittal) plane from 1 chewing cycle viewed in the sagittal plane for a horse chewing on the left side. Notice the direction of mandibular motion (arrowheads). See Figure 4 for
remainder of key.

side. Three Euler angles were plotted for all trials for a
horse chewing on the right (Figure 3). The beginning
and end of each cycle were defined from the pitch
angles. The beginning of the first cycle was defined by
the first minimum pitch angle in the trial, which corresponded with the jaw in its fully closed position.
During the opening stroke, the mandible rotated clockwise as seen from the right (positive pitch) until a maximum pitch angle was reached, which corresponded
with the fully open position. The direction of mandibular rotation was reversed (negative pitch) during the
closing stroke. A change in slope of the pitch angle as
the value decreased represented the transition between
the closing stroke and the power stroke. When the
pitch angle reached a minimum value, the mouth was
closed again and the first cycle was complete. Cycles
were defined for each trial, and all angles were plotted
within the defined ranges. Maximum and minimum
angles were averaged for each trial, and the angular dis426

Figure 6Normalized midline mandibular marker movement in
the x-y (dorsal) plane from 1 chewing cycle for a horse chewing
on the left side. Notice the direction of mandibular motion
(arrowheads). See Figure 4 for remainder of key.

placements were determined for each horse (Table 1).
Horses were consistent in the direction of movement,
but the amount of motion varied among individuals.
Mandibular kinematics, described in terms of displacement of the virtual midline mandibular marker,
were plotted for a horse chewing on the left side in the
z-y or transverse plane as seen from in front of the
horse’s nose, the z-x or sagittal plane as seen from the
right of the horse, and the x-y or dorsal plane as seen
from above the horse. In the transverse (z-y) plane, the
mandible starts in the fully closed position (position
1), then moves ventrally and to the horse’s right (negative y), reaching its lowest point (position 2) when
the mouth is fully opened. As the mandible is raised, it
swings to the horse’s left (positive y) to the position of
maximum lateral excursion for the cycle (position 3;
Figure 4). At this point, the cheek teeth establish contact. The mandible slides to the horse’s right and
upward to return to the starting position (position 1).
The 3 phases of the chewing cycle were easily viewed
in this plane as the opening stroke (positions 1 to 2),
the closing stroke (positions 2 to 3), and the power
stroke (positions 3 to 1).
The sagittal (z-x) plane view of a horse chewing on
the left shows that during the opening stroke, the virtual midline mandibular marker moves ventrally (negative z) and slightly caudally (negative x). During the
closing stroke, the marker moves rostrally and dorsally, with further dorsal displacement in the power
stroke (Figure 5).
In the dorsal (x-y) plane, the mandible moves to
the horse’s right (negative y) during the opening stroke
and slightly caudally (negative x). During the closing
stroke, the mandible moves to the horse’s left, and
then, in the power stroke, it moves to the horse’s right
(Figure 6). Ranges of motion of the midline mandibular marker in the 3 directions were fairly consistent
within and among horses (Table 2). Overall, the midline mandibular marker moved in a caudoventral and
lateral direction away from the chewing side during the
opening stroke, in a rostrodorsal and lateral direction
AJVR, Vol 67, No. 3, March 2006

Unauthenticated | Downloaded 09/26/22 03:59 AM UTC

Table 2Mean ⫾ SD values* for displacements of midline mandibular marker in 4 horses.
Displacement
Rostrocaudal (cm)
Mediolateral (cm)
Dorsoventral (cm)

Horse 1

Horse 2

Horse 3

Horse 4

Group mean

3.32 ⫾ 0.14
11.45 ⫾ 0.25
12.65 ⫾ 0.18

5.14 ⫾ 0.51
17.59 ⫾ 0.69
17.66 ⫾ 0.67

4.40 ⫾ 0.12
12.56 ⫾ 0.40
12.20 ⫾ 0.28

5.07 ⫾ 0.48
15.96 ⫾ 1.74
11.99 ⫾ 1.24

4.49 ⫾ 0.31
14.39 ⫾ 0.77
13.62 ⫾ 0.60

See Table 1 for key.

toward the chewing side during the closing stroke, and
from a ventrolateral direction to a dorsomedial direction on the chewing side during the power stroke.
Discussion
An important criterion in selection of a suitable
technique for kinematic measurement is that the
recording equipment should not alter the characteristics of the movement under study. In human subjects,
techniques for measuring TMJ kinematics include
attaching magnets to the incisors and tracking their
motion with a magnetometer mounted on the skull13
and using a scintillation detector to track the 3-dimensional motion of a small radioactive source cemented to
the skull.14 Most modern kinematic analysis techniques,
however, track the movement of markers attached to
the skin overlying anatomically defined landmarks. The
amplitude and direction of skin displacement can be
expected to vary at different sites, and because the skin
displacement is cyclic and has the same frequency as
the skeletal cycle, it cannot be detected in raw data.g
Because skin displacement is a systematic error, it is
important to either adhere skin markers to regions with
minimal soft tissue motion or to correct for skin displacement. Unfortunately, correction algorithms for
skin displacement on the equine head are not available.
In the absence of algorithms correcting for skin
displacement in the equine skull and mandible, pilot
studies were performed in which markers were placed
at sites where skin displacement was expected to be
small on the basis of the fact that skin adhered tightly
to the underlying bone without the intervention of
copious, loose soft tissue. Relative displacements
between a large number of marker locations were
determined, and locations with the least amount of displacement were chosen for our study.
The transformation matrix obtained through the
algorithm of Soderkvist and Wedin10 more accurately
represents the motion of the segment, if the marker set
is well configured. Well-configured marker placement
requires that the markers have a broad distribution and
that they are not placed collinear to each other. If a segment’s markers are placed in a straight line and the segment rotates about that line, the motion cannot be
detected because the linearly arranged markers do not
appear to move to the detection system. Therefore, the
more evenly the markers are distributed over the segment, the more accurately the transformation matrix
will represent the actual motion. In our study, markers
were well distributed over the skull and mandible. A
minimum of 3 markers/segment is needed for 3dimensional tracking, but tracking errors can be
reduced by use of a larger number of markers. In our
study, 6 markers were used over the mandible and 8
markers were used over the skull.
AJVR, Vol 67, No. 3, March 2006

The masticatory cycle in herbivorous mammals is
generally considered to consist of the following 3
events: the opening stroke, the closing stroke, and the
power stroke. Collinsone described the opening stroke
as a downward hinge movement of the mandible mediated by the gliding action of both condyles and the
closing stroke as an upward movement combined with
a rotation of each condyle in its glenoid cavity. Results
of our study indicate that not only is there a downward
hinge movement (a pitch rotation about the transverse
horizontal axis) during the opening phase, but relatively small rotations also occur simultaneously about
the other 2 axes. During the opening phase, the rolling
motion seen from the rostral view separates the upper
and lower dental arcades on the chewing side. The yaw
motion swivels the mandible (crosses the jaw) away
from the chewing side. During the closing phase, a
small amount of roll assisted in bringing the upper and
lower arcades into apposition on the chewing side. The
yaw swiveled the mandible toward the midline through
the closing and power strokes, which slides the lower
arcade across the upper arcade in a lateral to medial
direction. The slope of the molar table angle likely dictates the extent of roll angle during the power stroke; a
steeper molar table angle will result in more mandibular roll, and a more level molar table will have less
mandibular roll.
Previous studies of mandibular motion relative to
the skull have been based on tracking movements of
the upper and lower lips. Comparisons between the
results of our study and those of previous studies12,e
would have been facilitated by placing a marker along
the midline of the mandible. However, the only bony
structure on the midline of the mandible is at the
mandibular symphysis just caudal to the lower lip.
This is not a suitable location for marker placement
because the deformability of the soft tissues and the
movements of the lips are likely to cause considerable
skin displacement artifacts during chewing. To overcome this problem, a virtual marker was created from
the locations of the skin markers. The virtual marker
was located on the midline between the rami, level
with the rostral end of the facial crest and at the height
of the mandibular notch. Movements of this marker
are easier to view than the mandibular coordinate system translations and rotations, and its movements can
be compared with findings in previous studies.12,15,e
In previous studies,12,15,e the lateral excursion of the
equine mandible has been examined. Leue15 created a
mechanical recorder that fit over the rostral portion of
the horse’s upper and lower jaws and traced the
mandibular path while chewing grass, oats, and bran.
The mandibular location from which the sketches were
created was not indicated. Although Leue15 did not
define the plane that the motion was described in, the
427
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sketches followed the same general pattern as the midline mandibular marker in the x-y (dorsal) plane.
Collinsone and Baker and Easley12 measured incisor
displacement by marking the upper and lower lips with
a continuous line at the junction between the first
incisors, recording the mastication sequences from the
front of the horse with a video camera, and measuring
the displacement from the recording. The lips consist
of highly mobile soft tissue and cannot be classified as
rigid bodies; therefore, this method of measuring
incisor displacement is regarded as approximation
only. Although the plane of motion was not identified,
the path generated has a similar shape to the midline
mandibular marker in the transverse (y-z) plane. In
summary, results of our study indicate that 3-dimensional TMJ kinematics can be used to evaluate horses
while chewing sweet feed and that mandibular motion
follows a consistent pattern within and among horses,
with small differences in the amplitude of motion.
a.
b.
c.
d.
e.
f.
g.

Falcon infrared camera, Motion Analysis Corp, Santa Rosa, Calif.
Motion Analysis Corp, Santa Rosa, Calif.
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