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In the last decade, the equine masticatory apparatus has received much attention. Numerous studies have
emphasized the importance of the temporomandibular joint (TM]) in the functional process of masti-
cation. However, ultrastructural and histological data providing a basis for biomechanical and

Keywords: histopathological considerations are not available. The aim of the present study was to analyze the ar-
Anatomy chitecture of the collagen fiber apparatus in the articular surfaces of the equine TM] to reveal typical
E?)lrl?fe" fibers morphological features indicating biomechanical adaptions. Therefore, the collagen fiber alignment was
Split-lines visualized using the split-line technique in 16 adult warmblood horses without any history of TM] disorders.

Within the central two-thirds of the articular surfaces of the articular tubercle, the articular disc and
the mandibular head, split-lines ran in a correspondent rostrocaudal direction. In the lateral and medial
aspects of these articular surfaces, the split-line pattern varied, displaying curved arrangements in the ar-
ticular disc and punctual split-lines in the bony components. Mediolateral orientated split-lines were found
in the rostral and caudal border of the articular disc and in the mandibular fossa. The complex move-
ments during the equine chewing cycle are likely assigned to different areas of the TM]J. The split-line pattern
of the equine TM]J is indicative of a relative movement of the joint components in a preferential rostrocaudal
direction which is consigned to the central aspects of the TMJ. The lateral and medial aspects of the ar-
ticular surfaces provide split-line patterns that indicate movements particularly around a dorsoventral axis.

Temporomandibular joint

© 2016 Elsevier Ltd. All rights reserved.

Introduction

The equine temporomandibular joint (TM]) lacks in-depth ob-
jective clinical studies and studies investigating its role in pathological
conditions (Carmalt, 2014; Witte, 2015).

To allow a precise diagnosis of pathological changes within the
structures of the equine TM], the gross anatomical features of this
complex joint have been described in detail by anatomical dissec-
tions (Rodriguez et al., 2006). Concomitantly, several studies have
been performed to evaluate the suitability and potential rele-
vance of advanced imaging techniques, i.e. radiography (Ebling et al.,
2009), computed tomography (Rodriguez et al., 2008; Carmalt et al.,
2016), ultrasonography (Rodriguez et al., 2007), magnetic reso-
nance imaging (Rodriguez et al., 2010) and TM]J-arthroscopy (May
et al., 2001; Weller et al., 2002). Besides these diagnostic and gross
anatomical investigations, functional examinations of the equine
masticatory movements have been performed. The initial tests uti-
lized a molograph (Leue, 1941), while more recent research has used
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video analysis (Collinson, 1994). Similar to other herbivorous
mammals (Hiiemae, 1978) the equine chewing cycle has been de-
scribed as consisting of an opening stroke, a closing stroke and a
power stroke (Collinson, 1994; Baker and Easley, 1999; Baker, 2002).
The power stroke in equids is described generally as unimodal and
mediolateral movements of the mandible (Fortelius, 1985; Kaiser,
2002; Williams et al., 2007). Using optical tracking systems, the de-
tailed 3-D kinematics of the TM] have been described in each phase
of the strokes considering a lateroventral movement of the working
side during the opening stroke and a marked mediodorsal move-
ment of the working side during the power stroke (Collinson, 1994;
Bonin et al., 2006; Staszyk et al., 2006). Both the direction and the
range of rotational and translational movements have been quan-
tified (Bonin et al., 2006). This technique also enabled examinations
focused on the influence of different feeds (Bonin et al., 2007), dental
corrections (Simhofer et al., 2011) and the effect of acute unilater-
al TM] inflammation (Smyth et al., 2015b) on the kinematics of the
TM]J. Additionally, masticatory forces have been estimated by placing
force sensors on the second and third premolars (Staszyk et al., 2006).

Although a case report has demonstrated histopathological
changes in the equine TM] (Smyth and Carmalt, 2015a), the normal
microscopical anatomy of the equine TMJ] remains widely
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Fig. 1. Articular surfaces obtained from a right temporomandibular joint of a horse demonstrating the split-lines. (a) Temporal components of the TM]. Rp, retroarticular
process; mf, mandibular fossa; at, articular tubercle. (b) Articular disc, dorsal side. rb, rostral border; cb, caudal border; cfe, caudomedial fibrous expansion. (c) Articular
disc, ventral side. rb, rostral border; cb, caudal border; cfe, caudomedial fibrous expansion. (d) Mandibular head. cma, caudomedial aspect.

undescribed (Ramzan, 2006). However, ultrastructural features may
be important for the understanding of TM] pathologies, regenera-
tive capabilities and biomechanical considerations.

Therefore, the aim of the present study was to visualize and
analyze the architecture of the collagen fiber apparatus in the ar-
ticular surfaces of the healthy equine TM] to reveal typical
morphological features indicating biomechanical adaptions.

Material and methods

Sixteen adult warmblood horses without any history of TMJ disorders or dental
diseases were included. The horses were euthanized for reasons not related to this
study and the left and right TM] were dissected. The articular surface bearing com-
ponents of the temporal bone (articular tubercle, mandibular fossa and retroarticular
process), the condylar process of the mandible (mandibular head, caudomedial aspect
of the mandibular head) and the articular disc were removed. The dissected TM]Js
were examined for signs of degenerative joint disease (chondral lesions, ulcer-
ations, hyperplasia, pannus, osteophytes) by gross inspection. Only joints free of all
signs of degenerative joint disease were further evaluated.

The collagen fiber alignment in the articular surfaces was visualized using the
split-line technique (Below et al., 2002). This involves the following procedure: a
dissecting needle was dipped in commercial grade India ink (Pelikan, Scribtol) and
inserted into the joint surfaces of the mandibular head, the dorsal and ventral side
of the articular disc, the articular tubercle, the mandibular fossa and the retroarticular
process of the temporal bone. The depth of penetration on the ventral and dorsal
side of the articular disc was about 3 mm. In the mandibular and temporal com-
ponents of the TMJ, a dissecting needle was inserted into the joint cartilage until
the level of subchondral bone was reached. This procedure was repeated in a grid
pattern at intervals of 5 mm until the articular surfaces were completely pricked.
Each penetration was performed perpendicularly to the articular surface and re-
sulted in a colored line, enabling visualization of the main orientation of the
collagen network. This pattern of lines - termed ‘split-lines’ - arose on each
articular surface. Articular surfaces were photographed (Nikon SB-29S, Macro Speed-
light) and the split-line patterns were recorded on a schematic map. Subsequently,
the split-lines were evaluated according to two parameters: length and orienta-
tion (Fig. 1).

The length was assigned to one of three categories: punctiforme (<2 mm), medium
(from 2 mm to <4 mm) or large (>4 mm). The orientation was assigned to one of four
categories: rostrocaudal, mediolateral, oblique or diffuse (no clear orientation visible).

Additionally, the orientation, presence and length of the split-lines and the general
split-line patterns of the articular surfaces of the temporal bone, the mandibular
head and the articular disc (dorsal and ventral surface) were compared.

Statistical analyses were performed using the data analysis software GraphPad
Prism (v. 6.07; GraphPad Software) and BiAS (v. 9.08; Ackermann, 2010). The split-

line patterns of the central aspects of the articular surfaces were divided into
‘rostrocaudal’ and ‘non-rostrocaudal’. On the medial and lateral aspects of the ar-
ticular surfaces, the split-line patterns were classified into ‘curved’ and ‘non curved’
in case of the articular disc, and into ‘punctiforme’ and ‘non punctiforme’ in case
of the articular tubercle and mandibular head. To test the relationship between the
aspects of the articular surfaces examined and the split-line pattern, the Pearson
Chi-Square-test for contingency tables was applied. Initially, the global compari-
son of all split-line patterns was performed. In case of global statistically significant
differences, pair-wise comparisons were performed with the central aspects, con-
trolling the type I error rate using the Bonferroni-Holm-procedure. P values of less
than or equal to 0.05 were assumed to express statistical significance.

Results

The most constant alignment of split-lines was present in the
central two-thirds of the articular surfaces of the articular tuber-
cle, the articular disc and the mandibular head. In these areas,
medium sized (articular tubercle and mandibular head) or large sized
(articular disc) split-lines were arranged most frequently in
rostrocaudal direction (P< 0.001; Figs. 2-4). Variations in length and
orientation were obtained in the peripheral (lateral and medial) areas
of the articular tubercle, the articular disc and the mandibular head
and in the mandibular fossa, the retroarticular process and at the
caudomedial aspect of the mandibular head (Tables 1 and 2).

Articular tubercle

The orientation of split-lines in the central and medial aspects
of articular tubercle was consistent for all specimens. In the centre,
medium-sized split-lines were most frequently oriented in a
rostrocaudal direction (P < 0.001). Towards the medial margin,
punctiforme split-lines were identified most commonly (P < 0.001).
In contrast, the lateral part of the articular surface demonstrated
three different arrangements of split-lines. In 14 of 32 specimens,
a combination of oblique orientated and punctiforme split-lines was
noted (Fig. 3; Table 1). Punctiforme split-lines became visible in 13
of 32 specimens (P < 0.001; Fig. 3; Table 1). Finally, a diffuse design
was shown in five of 32 specimens (Fig. 2; Table 1).
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Fig. 2. Split-line patterns of the temporal components of the TMJ. The retroarticular process (rp) and the central and medial aspects of the articular tubercle (at) showed
constant split-line arrangements. The mandibular fossa (mf) showed only weak split-line staining and two alternative split-line patterns (a and b). The lateral aspect of the
articular tubercle showed three alternative split-line patterns: (c) 14 of 32 specimens; (d) 13 of 32 specimens; (e) five of 32 specimens.

Mandibular fossa

The fibrocartilage covering the mandibular fossa was very thin,
hampering adequate insertion of the dissecting needle. However,
20 investigated specimens were suitable to determine a split-line
pattern. In seven of the 20 specimens, the mandibular fossa re-
vealed a punctiforme split-line pattern (Fig. 2, Table 1). In 13 of 20
specimens, punctiforme split-lines were combined with mediolateral
orientated split-lines (Fig. 2, Table 1). Remarkably, in six of 20

specimens, the fibro-cartilage of the mandibular fossa was over-
laid by a thin membranous tissue resembling a synovial membrane.

Retroarticular process

The retroarticular process exposed a diffuse pattern with no dis-
tinct orientation of the split-lines in all 32 investigated specimens
(Fig. 2; Table 1).
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Fig. 3. Split-line patterns of the mandibular head. In 30 of 32 specimens, the central two thirds contained a constant pattern of medium-sized split-lines running in rostrocaudal
direction (a and b). In 24 of 32 specimens, the medial and lateral regions contained punctiforme split-lines (a). In six of 32 specimens there was rostrocaudal alignment of
medium-sized split-lines on the entire articular surface (b). In two of 32 specimens only punctiforme split-lines were observed (c). On the caudomedial aspect (cma) of the
mandibular head four varying patterns of split-lines were documented (d, 1-4).
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Table 1
Side- and site-dependent occurrence of split-line patterns in the temporal part and
in the mandibular head of the equine TM]J.

Table 2
Side- and site-dependent occurrence of split-line patterns in the articular disc of
the equine TMJ.

Site Right Left Bilateral Site Right Left Bilateral
Temporal part of the TM]J Articular disc, ventral aspect {
Medial aspect of the articular tubercle Rostral border
Punctiforme 16 16 16 Alternating 7 7 4
Central aspect of the articular tubercle Mediolateral 8 6 3
Rostrocaudal 16 16 16 Rostrocaudal 1 3 1
Lateral aspect of the articular tubercle Caudal border
Oblique + punctiforme 8 6 4 Alternating 12 13 9
Punctiforme 6 7 5 Rostrocaudal 2 2 1
Diffuse 2 3 0 Mediolateral 2 1 0
Mandibular fossa Central aspect
Mediolateral + punctiforme 7 6 Rostrocaudal 16 16 16
Punctiforme 3 4 1 Medial and lateral aspects
Retroarticular process Curved 16 16 16
Diffuse 16 16 16 Articular disc, dorsal aspect
Mandibular head Rostral border
Central aspect Alternating 9 8 6
Rostrocaudal 16 14 14 Rostrocaudal 5 5 3
Punctiforme 0 2 0 Mediolateral 2 3 0
Medial and lateral aspects Caudal border
Punctiforme 13 13 10 Alternating 12 13 10
Rostrocaudal 3 3 2 Mediolateral 3 1 1
Caudomedial aspect Rostrocaudal 1 2 1
Oblique 15 9 9 Central aspect
Punctiforme 0 3 0 Rostrocaudal 16 16 16
Mediolateral 1 2 1 Medial and lateral aspect
Diffuse 0 2 0 Curved 16 16 16

Mandibular head including its caudomedial aspect

In 30 of 32 specimens, the central two-thirds of the articular sur-
faces demonstrated a rostrocaudal alignment of medium-sized split-
lines (P<0.001; Table 1). Variations were observed in the medial
and lateral aspects. In 24 of 32 specimens, the medial and lateral
regions contained punctiforme split-lines (P < 0.001; Fig. 3; Table 1).
Six of 32 specimens also demonstrated a rostrocaudal alignment
of medium-sized split-lines on the entire articular surface (Fig. 3;
Table 1). Two of 32 specimens showed punctiforme split-lines all
over the articular surface (Fig. 3; Table 1).

The caudomedial process of the mandibular head displayed four
split-line patterns. An oblique orientation combined with
punctiforme split-lines was found in 24 of 32 specimens (Fig. 3;
Table 1). In three of 32 cases, there were punctiforme split-lines,
and in three of 32 cases a mediolateral alignment of split-lines was
observed (Fig. 3; Table 1). In two of 32 specimens the split-lines
showed a diffuse alignment, varying in length and orientation (Fig. 3;
Table 1).

Articular disc

The dorsal and ventral aspects of the articular disc showed similar
arrangements of split-lines. In the central two-thirds, large-sized
split-lines most frequently ran in a rostrocaudal direction (P < 0.001;
Table 2). Towards the medial and lateral border, split-lines most com-
monly followed a curved path, resembling so-called attractive
singular points (P<0.001; Werner et al., 1991). The mediocaudal
fibrous expansion of the articular disc revealed a diffuse arrange-
ment of split-lines.

Differences in the orientation of split-lines were present in the
prominent rostral and caudal borders of the articular disc (Fig. 4;
Table 2). The rostral and caudal borders expressed three different
alignments (Fig. 4; Table 2).

A mediolateral and an alternating alignment on the rostral border
of the ventral surface were noted in 14 of 32 specimens. A
rostrocaudal configuration was found in four of 32 specimens
(Table 2). On the caudal border an alternating pattern between

rostrocaudal and mediolateral split-lines was found in 25 of 32 speci-
mens (Table 2). A continuous rostro-caudal orientation was expressed
in four of 32 specimens and a continuous mediolateral orienta-
tion in three of 32 specimens (Fig. 4; Table 2).

On the rostral border of the dorsal surface, an alternating pattern
was found in 17 specimens, a rostrocaudal in 10 specimens and a
mediolateral in five of 32 specimens (Table 2). On the caudal border,
the alternating pattern was expressed in 25 of 32 specimens
(Table 2). In four of 32 specimens, there was a mediolateral orien-
tation and in three of 32 specimens, a rostrocaudal orientation was
observed (Fig. 4; Table 2).

Discussion

The split-line technique allowed reliable identification of su-
perficial collagen fiber bundles (Petersen and Tillmann, 1998a) and
illustrated biomechanical adaptions in joint compression and motion
(Below et al., 2002). The correlation between split-lines and colla-
gen fiber orientation has been validated by polarization microscopy
(Ortmann, 1975) and by scanning electron microscopy (Petersen and
Tillmann, 1998a). Besides these ultrastructural examinations, func-
tional examinations of the collagen fiber apparatus have been
performed using the split-line technique. The latter included me-
chanical tests (Woo et al., 1976; Roth and Mow, 1980) and
computational modeling and finite element simulations (Li et al.,
2009; Mononen et al., 2012), demonstrating that the direction of
the split-lines is associated with biomechanical properties (Mononen
et al., 2012). Furthermore, it is assumed that the main directions
of joint movements are reflected by the split-line orientation
(Bullough and Goodfellow, 1968; Goodwin et al., 2004; Leo et al.,
2004; Bottcher et al., 2009).

Although some areas in the equine TM] presented varying split-
line patterns (caudal and rostral border of the articular disc, lateral
zone of the articular tubercle, retroarticular process and caudomedial
process of the mandibular head), most articular surfaces demon-
strated consistent split-line patterns. There was high similarity
between left and right TM] within each horse and between horses
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Fig. 4. Split-line patterns in the articular disc. The ventral (a) and dorsal (b) sides of the articular disc showed a constant pattern of large-sized rostrocaudal split-lines in
the central aspect. At the lateral and medial sides, curved split-lines indicated the presences of attractive singular points. The colored boxes display alternative split-line
arrangements at the rostral and caudal border of the articular disc, with green, yellow and red boxes in descending order of frequency.

in the sampled group, indicating that the masticatory movement
was very uniform in the group of horses sampled.

The central two-thirds of the opposing articular surfaces of the
articular tubercle, the articular disc and the mandibular head exhib-
ited a homogenous rostrocaudal alignment. Due to this large portion
of rostrocaudal split-lines, it is assumed that the central zone of the
equine TM]J is preferentially designed for relative movements in a
rostrocaudal course. Such a relative movement can result in a rota-
tional movement of the mandible around a horizontal axis (opening
and closing of the mouth) or in a rostrocaudal translation of the man-
dible along a rostrocaudal axis. These assumptions are in accordance
with results from kinematic measurements of mandibular motion
(Bonin et al., 2006). Unfortunately, the results presented in this study
do not allow assigning rotational and translational movements to
either the dorsal or the ventral joint compartment. Such an asym-
metric location of movements has been found in the human TM]
(Perry, 2001). Furthermore, a deeper knowledge of normal TM] bio-
mechanics and mastication has assisted the detection of functional
disturbances in humans (Okeson, 2013). This might be relevant for
prospective diagnostic approaches in equine medicine.

A marked rostrocaudal mobility of the equine mandible of ap-
proximately 10 mm (Carmalt et al., 2003; Bonin et al., 2006) has been
previously shown to play an important role during ingestion (Rucker,
2004). In order to achieve complete occlusion of the incisors while
the horse is lowering his head for food intake, the mandible has to
be able to move in rostral direction and to move back caudally by
raising the head (Rucker, 2004). Considering that horses spend up
to 17 h per day for food intake (McGreevy, 2012), the orientation
of the collagen fiber apparatus reflects these functional requirements.

Previous split-line studies have shown that portions of articu-
lar surfaces that show consistent split-line patterns are exposed to
significant loads (Below et al., 2002). Thus, the central zone of the
equine TM] appears subject to high biomechanical stress and rel-
ative movements in a rostrocaudal direction. This observation
automatically implies that other movements in the equine TM] are
related to other areas than the central aspects.

According to the kinematic analysis of Bonin et al. (2006), minor
translational motions in mediolateral and dorsoventral direction are
observed and roll and yaw characteristics of rotational movements.
Detailed coordination of such movements in an asymmetric left—
right pattern are necessary to facilitate the complex equine chewing
cycle (Collinson, 1994; Bonin et al., 2006; Staszyk et al., 2006).

Based on results from previous biomechanical studies using the
split-line method (Werner et al., 1991; Lieser, 2003) and on the dis-
covered split-line patterns in the present study, we conclude that
the rotational movements are presumably located in the lateral and
medial aspects of the articular surfaces, as the collagen fiber pat-
terns indicate predominant movements around a dorsoventral axis.

Zones of major and minor stress can be detected by the path of
split-lines. The appearance of attractive singular points, around which
split-lines take a hairpin-like or curved course, suggest great stress
(Werner et al., 1991; Lieser, 2003). Investigations of the functional
anatomy of the human TMJ have demonstrated the appearance of
load-bearing attractive singular points in the lateral aspect of the
joint in all articular surfaces (i.e. the mandibular head and the ar-
ticular tubercle and the articular disc; Werner et al.,, 1991).
Remarkably, these regions are predominantly affected in degener-
ative TM] diseases (Werner et al., 1991). In contrast to the human
TM]J, no attractive singular points were observed on the articular
surfaces covering the bony aspects of the equine TM]J. In contrast,
attractive singular points were present in the equine articular disc,
featuring curved courses of split-lines at its medial and lateral border.
Corresponding zones of the mandibular head and the articular tu-
bercle mainly presented punctiforme split-lines. Such split-lines
reveal an intersection of collagen fibers at an angle of approximate-
ly 90° (Petersen and Tillmann, 1998a), indicating a local compressive
strain rather than a dragging strain (Lieser, 2003). The observed com-
bination of attractive singular points in the peripheral zones of the
equine articular disc, with punctiforme split-lines in the corre-
sponding zones of the articular tubercle and the mandibular head,
suggests that rotational movements around a dorsoventral axis occur
in these zones.

The presence of attractive singular points in the lateral and medial
zones of the equine articular disc suggests that particular biome-
chanical strains act on these areas. A recent study analyzing more
than 1000 equine TM] by computed tomography has demon-
strated a region of discrete linear mineralization in the articular disc
(Carmalt et al., 2016), which closely resembles the lateral attrac-
tive singular point determined in the present study. Carmalt et al.
(2016) demonstrated that the appearance of this hyperdense zone
is related to increasing age. It is likely that this age-dependent oc-
currence reflects the accumulation of ongoing mechanical stress,
as previously demonstrated in the human TM] (Jibiki et al., 1999).
However, no corresponding CT hyperdensity was detected close to
the medial attractive singular point, which also presumably re-
ceives high biomechanical forces. However, to elucidate
ultrastructural changes due to functional adaptations or patholog-
ical processes, histological investigations are required. Besides the
previously mentioned load-dependent explanation of the curved
path of split-lines, there might also be an explanation based on the
morphology of the articular disc. The latter structure causes a change
of axial forces in tangential forces resulting in circular tensile load,
and hence, a curved path of split-lines (Petersen and Tillmann,
1998b). To limit potential movements in mediolateral direction,
fixation of the articular disc is required, similar to the menisci of
the human knee. To the authors’ knowledge, there is no study
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describing the mobility of the equine articular disc, and it is gen-
erally accepted that the articular disc is attached to the TM] joint
capsule in its entire circumference (Rodriguez et al., 2006).

The minor translational movements of the mandible in
mediolateral direction (Bonin et al., 2006) may be particularly re-
flected in the rostral and caudal border of the articular disc, because
in these parts of the TM]J, mediolateral orientated split-lines were
found. These zones showed multiple variations, indicating that the
movements and forces in these regions were very variable between
horses. Similar conclusions could be proposed for the articular sur-
faces of the retroarticular process. The mandibular fossa showed an
inconsistent pattern of split-lines and presented a relatively thin
layer of fibrous cartilage. These features suggest that the mandibu-
lar fossa was occupied by the mandibular head during phases of
mandibular rest rather than during mandibular movements.

Conclusions

This study reports the preferred movement directions and the
distribution of biomechanical stresses in different regions of the
equine TM]J. The results are in accordance with previous results from
kinematic studies, and could provide a substantial basis for further
studies focusing on histological and pathohistological changes within
the equine TMJ.

Conflict of interest statement

None of the authors of this paper has a financial or personal re-
lationship with other people or organizations that could
inappropriately influence or bias the content of the paper.

Acknowledgements

This research was supported by a funding of the IGFP e.V.
(Internationale Gesellschaft zur Funktionsverbesserung der
Pferdezdhne) and a grant of the Karl and Veronica Carstens Foun-
dation (KVC 1/447/2015) to doctoral candidate Kevin Adams. The
authors are grateful to Martina Gerwert for the excellent draw-
ings. Some of the results were previously presented as oral
presentations on international scientific conferences and were pub-
lished as short abstracts in related conference proceedings.

References

Ackermann, H., 2010. BiAS. fiir Windows, Biometrische Analyse von Stichproben,
Version 9.08. Epsilon-Verlag, Hochheim, Darmstadt, Germany.

Baker, G.J., 2002. Equine temporomandibular joints (TM]): Morphology, function and
clinical disease. In: Proceedings of the 48th Annual Convention of the American
Association of Equine Practitioners. Orlando, USA, pp. 442-447.

Baker, G.J., Easley, J., 1999. Dental physiology. In: Equine Dentistry, 1st Ed. Saunders
Elsevier, St. Louis, MO, USA, pp. 29-34.

Below, S., Arnoczky, S.P., Dodds, J., Kooima, C., Walter, N., 2002. The split-line pattern
of the distal femur: A consideration in the orientation of autologous cartilage
grafts. Arthroscopy: The Journal of Arthroscopic and Related Surgery 18, 613-617.

Bonin, S.J., Clayton, H.M., Lanovaz, ].L., Johnson, T.J., 2006. Kinematics of the equine
temporomandibular joint. American Journal of Veterinary Research 67, 423-428.

Bonin, S.J., Clayton, H.M., Lanovaz, ].L., Johnston, T., 2007. Comparison of mandibular
motion in horses chewing hay and pellets. Equine Veterinary Journal 39, 258-262.

Bottcher, P., Zeissler, M., Maierl, J., Grevel, V., Oechtering, G., 2009. Mapping of
split-line pattern and cartilage thickness of selected donor and recipient sites
for autologous osteochondral transplantation in the canine stifle joint. Veterinary
Surgery 38, 696-704.

Bullough, P., Goodfellow, J., 1968. The significance of the fine structure of articular
cartilage. The Journal of Bone and Joint Surgery. British Volume 50, 852-857.

Carmalt, J.L., 2014. Equine temporomandibular joint (TM]) disease: Fact or fiction?
Equine Veterinary Education 26, 64-65.

Carmalt, J.L., Townsend, H.G.G., Allen, A.L., 2003. Effect of dental floating on the
rostrocaudal mobility of the mandible of horses. Journal of the American
Veterinary Medical Association 223, 666-669.

Carmalt, J.L., Kneissl, S., Rawlinson, J.E., Zwick, T., Zekas, L., Ohlerth, S., Bienert-Zeit,
A., 2016. Computed tomographic appearance of the temporomandibular joint
in 1018 asymptomatic horses: A multi-institution study. Veterinary Radiology
and Ultrasound 57, 237-245.

Collinson, M., 1994. Food processing and digestibility in horses (Equus caballus)
[thesis]. Bachelor of Science with Honours, Monash University, Clayton.

Ebling, A.J., McKnight, A.L., Seiler, G., Kircher, P.R., 2009. A complementary
radiographic projection of the equine temporomandibular joint. Veterinary
Radiology and Ultrasound 50, 385-391.

Fortelius, M., 1985. Ungulate Cheek Teeth: Developmental, Functional, and
Evolutionary Interrelations, vol. 180. Acta Zoologica Fennica. Finnish Zoological
Publishing Board, Helsinki, pp. 1-76.

Goodwin, D.W., Wadghiri, Y.Z., Zhu, H., Vinton, CJ., Smith, E.D., Dunn, J.F.,, 2004.
Macroscopic structure of articular cartilage of the tibial plateau: Influence of a
characteristic matrix architecture on MRI appearance. AJR. American Journal of
Roentgenology 182, 311-318.

Hiiemae, K.M., 1978. Mammalian Mastication: A review of the activity of the jaw
muscles and the movements they produce in chewing. In: Proceedings of the
International Symposium on Dental Morphology. Cambridge, England, pp.
358-398.

Jibiki, M., Shimoda, S., Nakagawa, Y., Kawasaki, K., Asada, K., Ishibashi, K., 1999.
Calcifications of the disc of the temporomandibular joint. Journal of Oral
Pathology and Medicine 28, 413-419.

Kaiser, T.M., 2002. Functional significance of ontogenetic gradients in the enamel
ridge pattern of the upper check dentition of Miocene hipparionin horse
Cormohipparion occidentale (Equidae, Perissodactyla). Senckenbergiana Lethaea
82,167-180.

Leo, B.M., Turner, M.A., Diduch, D.R., 2004. Split-line pattern and histologic analysis
of a human osteochondral plug graft. Arthroscopy: The Journal of Arthroscopic
and Related Surgery 20 (Suppl. 2), 39-45.

Leue, G., 1941. Beziehung zwischen Zahnanomalien und Verdauungsstérungen beim
Pferd unter Heranziehung von Kaubildern [thesis]. Doctor of Veterinary Medicine,
University of Hannover.

Li, L.P, Cheung, J.T.M., Herzog, W., 2009. Three-dimensional fibril-reinforced finite
element model of articular cartilage. Medical and Biological Engineering and
Computing 47, 607-615.

Lieser, B., 2003. Morphologische und biomechanische Eigenschaften des Hiiftgelenks
(Articulatio coxae) des Hundes (Canis familiaris) [thesis]. Doctor of Veterinary
Medicine, University of Munich.

May, K.A., Moll, H.D., Howard, R.D., Pleasant, R.S., Gregg, ].M., 2001. Arthroscopic
anatomy of the equine temporomandibular joint. Veterinary Surgery 30, 564-571.

McGreevy, P., 2012. Ingestive behavior. In: Equine Behavior: A Guide for
Veterinarians and Equine Scientist, 2nd Ed. Saunders Elsevier, St. Louis, MO, USA,
p. 192.

Mononen, M.E., Mikkola, M.T,, Julkunen, P, Ojala, R., Nieminen, M.T., Jurvelin, J.S.,
Korhonen, RK., 2012. Effect of superficial collagen patterns and fibrillation of
femoral articular cartilage on knee joint mechanics - A 3D finite element analysis.
Journal of Biomechanics 45, 579-587.

Okeson, ].P., 2013. Etiology and identification of functional disturbances in the
masticatory system. In: Management of Temporomandibular Disorders and
Occlusion, 7th Ed. Mosby Elsevier, St. Louis, MO, USA, pp. 101-256.

Ortmann, R., 1975. Use of polarized light for quantitative determination of the
adjustment of the tangential fibres in articular cartilage. Anatomy and Embryology
148, 109-120.

Perry, J.F, 2001. The temporomandibular joint. In: Joint Structure and Function, A
Comprehensive Analysis, 3rd Ed. F.A. Davis Company, Philadelphia, PA, USA, pp.
185-195.

Petersen, W, Tillmann, B., 1998a. Collagenous fibril texture of the human knee joint
menisci. Anatomy and Embryology 197, 317-324.

Petersen, W., Tillmann, B., 1998b. Funktionelle Anatomie der Menisken des
Kniegelenks Kollagenfaserarchitektur und Biomechanik. Arthroskopie 11,
133-135.

Ramzan, P.H.L., 2006. The temporomandibular joint: Component of clinical
complexity. Equine Veterinary Journal 38, 102-104.

Rodriguez, M.J., Agut, A., Gil, F.,, Latorre, R., 2006. Anatomy of the equine
temporomandibular joint: Study by gross dissection, vascular injection and
section. Equine Veterinary Journal 38, 143-147.

Rodriguez, M],, Soler, M., Latorre, R., Gil, F, Agut, A., 2007. Ultrasonographic anatomy
of the temporomandibular joint in healthy pure-bred Spanish horses. Veterinary
Radiology and Ultrasound 48, 149-154.

Rodriguez, M.]., Latorre, R., Lépez-Albors, O., Soler, M., Aguirre, C., Vazquez, J.M.,
Querol, M., Agut, A., 2008. Computed tomographic anatomy of the
temporomandibular joint in the young horse. Equine Veterinary Journal 40,
566-571.

Rodriguez, M.]., Agut, A., Soler, M., Lopez-Albors, O., Arredondo, J., Querol, M., Latorre,
R., 2010. Magnetic resonance imaging of the equine temporomandibular joint
anatomy. Equine Veterinary Journal 42, 200-207.

Roth, V., Mow, V.C., 1980. The intrinsic tensile behavior of the matrix of bovine
articular cartilage and its variation with age. The Journal of Bone and Joint Surgery.
American Volume 62, 1102-1117.

Rucker, B.A., 2004. Incisor and Molar Occlusion: Normal Ranges and Indications for
Incisor Reduction. In: Proceedings of the 50th Annunal Convention of the
American Association of Equine Practitioners. Denver, USA, pp. 7-12.

Simhofer, H., Niederl, M., Anen, C., Rijkenhuizen, A., Peham, C., 2011. Kinematic
analysis of equine masticatory movements: Comparison before and after routine
dental treatment. The Veterinary Journal 190, 49-54.


http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0010
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0010
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0015
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0015
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0015
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0020
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0020
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0025
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0025
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0025
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0030
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0030
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0035
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0035
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0040
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0040
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0040
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0040
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0045
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0045
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0050
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0050
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0055
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0055
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0055
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0060
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0060
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0060
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0060
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0065
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0065
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0070
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0070
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0070
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0075
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0075
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0075
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0080
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0080
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0080
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0080
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0085
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0085
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0085
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0085
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0090
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0090
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0090
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0095
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0095
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0095
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0095
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0100
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0100
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0100
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0105
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0105
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0105
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0110
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0110
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0110
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0115
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0115
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0115
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0120
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0120
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0125
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0125
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0125
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0130
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0130
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0130
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0130
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0135
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0135
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0135
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0140
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0140
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0140
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0145
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0145
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0145
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0150
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0150
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0155
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0155
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0155
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0160
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0160
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0165
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0165
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0165
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0170
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0170
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0170
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0175
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0175
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0175
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0175
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0180
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0180
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0180
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0185
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0185
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0185
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr8015
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr8015
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr8015
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0190
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0190
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0190

64 K. Adams et al./ The Veterinary Journal 217 (2016) 58-64

Smyth, T.T., Carmalt, J.L., 2015a. Clinically significant, nontraumatic, degenerative joint
disease of the temporomandibular joints in a horse. Equine Veterinary Education
doi:10.1111/eve.12382; in press.

Smyth, T.T,, Carmalt, J.L., Treen, T.T., Lanovaz, J.L., 2015b. The effect of acute unilateral
inflammation of the equine temporomandibular joint on the kinematics of
mastication. Equine Veterinary Journal 48, 523-527.

Staszyk, C., Lehman, F, Bienert, A., Ludwig, K., Gasse, H., 2006. Measurement of the
masticatory forces in the horse. Pferdeheilkunde 22, 12-16.

Weller, R., Maierl, J., Bowen, .M., May, S.A., Liebich, H.G., 2002. The arthroscopic
approach and intra-articular anatomy of the equine temporomandibular joint.
Equine Veterinary Journal 34, 421-424.

Werner, J.A., Tillmann, B., Schleicher, A., 1991. Functional anatomy of the
temporomandibular joint. A morphologic study on human autopsy material.
Anatomy and Embryology 183, 89-95.

Williams, S.H., Vinyard, CJ., Wall, C.E., Hylander, W.L., 2007. Masticatory motor
patterns in ungulates: A quantitative assessment of jaw-muscle coordination in
goats, alpacas and horses. Journal of Experimental Zoology. Part A, Ecological
Genetics and Physiology 307A, 226-240.

Witte, T.H., 2015. TM] pathology: Is it real? Equine Veterinary Education 28, 173-174.

Woo, S.L.-Y., Akeson, W.H., Jemmott, G.F., 1976. Measurements of nonhomogeneous,
directional mechanical properties of articular cartilage in tension. Journal of
Biomechanics 9, 785-791.


http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0195
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0195
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0195
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0200
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0200
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0200
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0205
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0205
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0215
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0215
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0215
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0220
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0220
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0220
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0225
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0225
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0225
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0225
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0230
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0235
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0235
http://refhub.elsevier.com/S1090-0233(16)30154-X/sr0235

	 Functional anatomy of the equine temporomandibular joint: Collagen fiber texture of the articular surfaces
	 Introduction
	 Material and methods
	 Results
	 Articular tubercle
	 Mandibular fossa
	 Retroarticular process
	 Mandibular head including its caudomedial aspect
	 Articular disc

	 Discussion
	 Conclusions
	 Conflict of interest statement
	 Acknowledgements
	 References




