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Abstract

Adaptation to constant vibration (acoustic oscillation) is likely to confer a specific morphology at the bone-
tendon and bone-ligament interfaces at the ear ossicles, which therefore represent an exciting target of enthe-
sis research. We histologically examined (i) the bone attachments of the tensor tympani and stapedius muscles
and (ii) the annular ligament of the incudostapedial joint obtained from seven elderly donated cadavers. Nota-
bly, both aldehyde-fuchsin and elastic-Masson staining demonstrated that the major fibrous component of the
entheses was not collagen fibers but mature elastic fibers. The positive controls for elastic fiber staining were
the arterial wall elastic laminae included in the temporal bone materials. The elastic fibers were inserted deeply
into the type Il collagen-poor fibrocartilage covering the ear ossicles. The muscle tendons were composed of an
outer thin layer of collagen fibers and an inner thick core of elastic fibers near the malleus or stapes. In the
unique elastic fiber-mediated entheses, hyaluronan, versican and fibronectin were expressed strongly along the
elastic fibers. The hyaluronan seemed to act as a friction-reducing lubricant for the elastic fibers. Aggrecan was
labeled strongly in a disk- or plica-like fibrous mass on the inner side of the elastic fiber-rich ligament, possibly
due to compression stress from the ligament. Tenascin-c was not evident in the entheses. The elastic fiber-
mediated entheses appeared resistant to tissue destruction in an environment exposed to constant vibration.
The morphology was unlikely to be the result of age-related degeneration.

Key words: ear ossicles; elastic fibers; enthesis; human anatomy; hyaluronan; stapedius muscle; tensor tympani
muscle.

a ligament or tendon, a morphology considered to allow
accommodation of both tensile and compressive stress. In

Introduction

At bone-tendon and bone-ligament interfaces, or entheses,
collagens show a type-dependent and site-specific distribu-
tion, and various glycosaminoglycans and proteoglycans are
also expressed in a region-specific manner (Waggett et al.
1998; Benjamin & McGonagle, 2001; Benjamin et al. 2006).
A typical example is the type Il collagen that is restricted to
fibrocartilage in order to receive type | collagen fibers from
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their excellent review, Milz et al. (2005) summarized varia-
tions of proteoglycans for adaptation to mechanical stress;
under conditions of gradually intensifying compression
stress, versican decreases and aggrecan becomes prominent.
Similarly, all parts of the human scapholunate interosseous
ligament are labeled for type |, lll and VI collagens, versican
and tenascin, but the attached fibrocartilage expresses only
type | collagen and aggrecan (Milz et al. 2006). Such
localization is more evident in the triangular fibrocartilage
complex of the human wrist: aggrecan and type Il collagen
are restricted to the radial side of the fibrocartilage
complex (Milz et al. 2007). In the middle ear, there are two
muscle insertions to the ear ossicles and several ligaments
reinforcing the articulations among the malleus, incus and
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stapes bones. However, studies of the entheses of the ear
ossicles have been very limited (see the paragraph below),
despite their unique features that have allowed them to
adapt to the constant vibrations or acoustic oscillation con-
ducted from the tympanic membrane. Moreover, these two
muscle insertions have evolved to dampen excess vibration
resulting from violent noise levels.

Ohashi et al. (2008) demonstrated that, in the rat ear,
the most medial part of the middle ear entheses (the
annular ligament of the stapediovestibular joint that fixes
the stapes to the vestibular window of the temporal
bone) contains abundant hyaluronan (hyaluronic acid) and
fibrillin. Fibrillin is essential for formation of elastic fibers,
but Ohashi et al. did not confirm the presence of elastin
or elastic fibers at the joint, especially at the enthesis. In
fact, some joint capsules in the human body are known to
contain elastic fibers, for example at the facet joint of the
vertebral column (Shiraishi et al. 2003) and at the tempo-
romandibular joint (Caltabiano et al. 1990). However,
knowledge of the hyaluronan content of the joint capsule
is less extensive than might be expected. Another well
known structure that shows adaptation to vibration is the
vocal fold. Notably, the lamina propria of the human
vocal fold is characterized by an abundance of both elas-
tin and hyaluronan (Hahn et al. 2006; Yamashita et al.
2010). The amounts vary according to age and gender
(Hammond et al. 1997; Korn et al. 2011). Likewise, both
elastin and hyaluronan are predominant in the extracellu-
lar matrix of the syrinx in songbirds (Riede & Goller, 2010).
Therefore, for adaptation to vibration, many or some
parts of the middle ear entheses are likely to contain both
elastin and hyaluronan.

In the present study, using materials obtained from
elderly donated cadavers, our aim was to examine histologi-
cally the entheses at and along the ear ossicles, including (i)
attachments of the tensor tympani and stapedius muscles
and (ii) the annular ligament of the incudostapedial joint.
Among the ossicle articulations, the incudostapedial joint
seems to demonstrate the greatest capacity for motion in
accordance with the shapes of the bones, i.e. it is a ball
attached to a shallow socket, similar to the glenohumeral
joint of the shoulder. Thus, the mechanical stress imposed
on the capsule (i.e. the annular ligament) may also be
potentially considerable. Because of the suggested need to
withstand vibration (see above), we considered that identi-
fication of elastic fibers, as well as hyaluronan, should be
included in this study. To identify elastic fibers, we chose
both aldehyde-fuchsin and elastica-Masson staining.

Materials and methods

The study was performed in accordance with the provisions of
the Declaration of Helsinki 1995 (as revised in Edinburgh 2000).
We examined paraffin-embedded sections of the ear ossicles
obtained from seven donated cadavers (age 78-93 years; mean

85 years; four males and three females). The cause of death had
been heart failure in all cases. All the cadavers had been
donated to Sapporo Medical University for anatomical research
and education, and their use for research had been approved
by the university ethics committee. The cadavers had been fixed
by perfusion with 10% v/v formalin solution and stocked in
50% ethanol solution for more than 3 months.

After removal of the brain, we removed the left or right side
of the petrosal portion of the temporal bone from the cadavers.
With careful drilling, we removed (i) the malleus along with the
attachment of the tensor tympani muscle and (ii) the incudos-
tapedial joint along with the tendon of the stapedius muscle.
These small specimens were decalcified by incubating them at
4°C in 0.5m EDTA solution (pH 7.5; Decalcifying solution B;
Wako, Tokyo, Japan) for 4-5 days. Routine procedures for paraf-
fin-embedded histology (using sections 5 um thick) were con-
ducted. To provide a good orientation of the topographical
anatomy in a two-dimensional section, we tried to create a sec-
tional plane along the tendon or along the long crus of the
incus bone, but the planes usually became oblique because of
difficulty in maintaining precise positioning of the small speci-
mens (maximum size 3 mm) during histological procedures. In
addition, the branches of the external carotid artery were
included during removal of the temporal bone for use as a posi-
tive control for the two types of elastic fiber staining we
employed (see below).

Ten serial sections (5 um thick) were prepared at 200-um inter-
vals and stained with (i) hematoxylin and eosin, and also (ii)
two types of elastic fiber staining, (iii) immunohistochemistry
for matrix substances and (iv) another staining for hyaluronan.
In the last case, a biotinylated hyaluronan-binding protein
(2 ug mL™"; Seikagaku Corp., Tokyo, Japan) was used after
immersion of the sections in chondroitinase ABC (10 xU mL™";
Seikagaku Corp.) in 0.1 m Tris-acetate buffer (pH 8.0, 37 °C) for
30 min (Shibata et al. 2003). To identify elastic fibers, we used
two different types of staining: (i) aldehyde-fuchsin with post-
fixation after attachment to the glass slide using Bouin's fixative
overnight (Fujita, 1959; Sunami-Kataoka et al. 2001) and (ii)
elastica-Masson staining (a variation of Masson-Goldner stain-
ing; Motohashi et al. 1995; Okada et al. 2002; Hayashi et al.
2010).

The primary antibodies used were (i) mouse monoclonal anti-
versican core protein (12C5) from Developmental Studies
Hybridoma Bank (lowa City, 1A, USA; dilution 1 : 25); (ii) mouse
monoclonal anti-aggrecan core protein (12/21/1C6) from Devel-
opmental Studies Hybridoma Bank (dilution 1 : 25); (iii) rabbit
polyclonal anti-rat type | collagen (dilution 1 : 400; LSL, Tokyo,
Japan); (iv) rabbit polyclonal anti-rat type Il collagen (dilution
1:400; LSL); (v) rabbit polyclonal anti-rat tenascin-c (dilution
1:100; Chemicon, Temecula, CA, USA); and (vi) rabbit poly-
clonal anti-rat fibronectin (dilution 1 : 400; LSL). These antibod-
ies were used in our previous immunohistochemical studies
(Shibata et al. 2003; Nakasone et al. 2007; Yokohama-Tamaki
et al. 2011). All sections were treated with testicular hyaluroni-
dase (25 mg mL~", Sigma type I-S; Sigma Chemicals, St. Louis,
MO, USA) in phosphate-buffered saline for 30 min at 37 °C
before addition of the primary antibodies. After incubation
with the secondary antibody employing a Histofine SAB kit (Nic-
hirei, Tokyo, Japan), the sections were treated with 3-amino-9-
ethylcarbazole (AEC) to form the red immunocomplex. Negative
controls that were not treated with the first antibody were also
prepared.

© 2012 The Authors
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Results

As a positive control for the two types of staining for elastic
fibers, we employed the elastic laminae of arterial walls:
these were selectively stained and colored black by elastica-
Masson (Fig. 1A) or bright violet by aldehyde-fuchsin
(Fig. 1B). In contrast, collagen fibers were stained pale pink
by aldehyde-fuchsin or green by elastica-Masson. The latter
stained the arterial smooth muscle dark red. Unfortunately,
the sectional planes of the small specimens were usually not
aligned along the tendon or the long crus of the incus, but
were oblique (Fig. 2). Thus, the topographical anatomy was
often difficult to interpret. However, the planes of section
were good in two of the specimens (the incudostapedial
joint and the tensor tympani muscle insertion; Figs 3 and 4).
All specimens of the stapedius muscle insertion were cut
obliquely (Fig. 5). In addition, oblique sections of the distal

Fig. 1 Elastic fibers in the arterial wall: a positive control of the
present staining methods. The inner elastic lamina (arrows) of a
branch of the external carotid artery is clearly identified as a black line
in elastica-Masson staining (panel A) and as a bright violet line in
aldehyde-fuchsin staining (panel B). The outer lamina was identified as
black or violet dots (stars). These panels are prepared at the same
magnification: scale bar in panel B.

© 2012 The Authors
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Fig. 2 A diagram showing the present sectional planes. Right ear
ossicles with attachments of the tensor tympani and stapedius
muscles are shown, although in the present study, we used both the
left and the right sides of the specimens. Bar with 3, 4, 5 or 6
corresponds to the sectional plane shown in the Figs 3, 4, 5 or 6.

part (muscle side) of the tensor tympani tendon are shown
in Fig. 6.

Both aldehyde-fuchsin and elastica-Masson staining dem-
onstrated that the annular ligament of the incudostapedial
joint contained abundant elastic fibers (Fig. 3A,B). The for-
mer staining clearly demonstrated the tidemark between
the calcified and uncalcified cartilages (Fig. 3B). The annular
ligament was lined superficially by a thin layer containing
type 1 collagen, but almost all of the ligament was com-
posed of elastic fibers (Fig. 3A,C). With a spray-like configu-
ration, the elastic fibers were inserted deeply into the
uncalcified fibrocartilage covering the incus and stapes
(Fig. 3A,B). The elastic fibers did not pass through the tide-
mark to penetrate into the calcified tissue. Notably, type II
collagen expression was weak in the fibrocartilage (Fig. 3D).
Versican, fibronectin and hyaluronan were present among
the elastic fibers (Fig. 3F,G,l). Aggrecan was labeled strongly
in a disk- or plica-like fibrous mass on the inner side of the
elastic fiber-rich ligament (Fig. 3H). In addition, spotty
expression of aggrecan was seen at the base of the liga-
ment near the tidemark. Tenascin expression was not evi-
dent in the ligament or its enthesis (Fig. 3E).

Both aldehyde-fuchsin and elastic-Masson staining dem-
onstrated that the tendons of the tensor tympani and
stapedius muscles contained abundant elastic fibers (Figs 4-
6). Moreover, a laminar distribution of matrix substances
was seen in the tensor tympani muscle tendon (Fig. 4). At
the bony insertion of the tensor tympani muscle, the super-
ficial layer, continuous with the periosteum-like tissue of
the ear ossicles, was composed of type | collagen (Fig. 4C).
Similarly to the annular ligament, the elastic fibers were
inserted deeply into the uncalcified fibrocartilage covering
the malleus or stapes (Figs 4 and 5). In contrast, however,
versican and fibronectin were labeled in the superficial
layer of the tensor tympani tendon (Fig. 4F,G). Hyaluronan
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Fig. 3 Annular ligament of the incudostapedial joint. A specimen from an 81-year-old man. All panels are adjacent or near sections. The ligament
was accidentally cut during the histological procedure. Thus, the joint cavity (star) looks larger than the original. (A) Elastica-Masson staining (EM
stain). (B) Aldehyde-fuchsin staining (AF stain). (C) Immunohistochemistry (IHC) for type | collagen. (D) IHC for type Il collagen. (E) IHC for tenascin-
¢. (F) IHC for fibronectin. (G) IHC for versican. (H) IHC for aggrecan. (I) IHC for hyaluronan. (J) Negative control without the challenge of the first
antibody. (A,B) (or C-J) are prepared at the same magnification (scale bars in A and C). The tidemark is clearly seen in (B): elastic fibers insert
deeply into the uncalcified fibrocartilage. Note that fibronectin, versican and hyaluronan are expressed along the elastic fibers.

exhibited linear expression between the superficial layer
and the elastic fiber-rich core (Fig. 4l). An aggrecan-positive
layer was seen in the flexion or bony side of the tendon
(Fig. 4H). In the stapedius muscle tendon, the distribution
patterns of the matrices were slightly different. Although,
similarly to the annular ligament, hyaluronan, versican and
fibronectin appeared to coexist among the elastic fibers
(Fig. 5C-F), no longitudinal section along the tendon was
obtained for the stapedius muscle.

The elastic fibers appeared in the center of the tendons
immediately before the entrance into the tympanic cavity,

and the amount was increased at sites nearer the bone
insertion, finally occupying almost the entire tendon except
for the thin superficial layer (Figs 5 and 6). The muscles
themselves contained no elastic fibers: the endomysium
appeared continuous with an elastic fiber. In the tendon
distant from the bone, elastic fibers initially converged to a
collagenous core (Fig. 6A) and then gradually occupied
almost the entire cut surface of the tendon (Fig. 6B,C).
Hyaluronan, versican and fibronectin displayed a laminar
distribution between the elastic fibers (Fig. 5D,E,G). Aggre-
can-positive spots were intermingled with the elastic fibers

© 2012 The Authors
Journal of Anatomy © 2012 Anatomical Society
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Fig. 4 Tendon insertion of the tensor tympani muscle to the malleus. A specimen from an 85-year-old man. All panels are adjacent or near
sections. (A) Elastica-Masson staining (EM stain). (B) Aldehyde-fuchsin staining (AF stain). (C) Immunohistochemistry (IHC) for type | collagen. (D)
IHC for type Il collagen. (E) IHC for tenascin-c. (F) IHC for fibronectin. (G) IHC for versican. (H) IHC for aggrecan. (I) IHC for hyaluronan. (C-I) are
prepared at the same magnification (scale bars in A-C). Dotted line in (A—C) indicate the tidemark: elastic fibers insert deeply into the uncalcified
fibrocartilage. Type | collagen, fibronectin and versican are expressed in the superficial layer of the tendon (double-headed arrow).

but most of the spots were located in the sheath of the ten-
don (Fig. 6F). The tendon sheath of the tensor tympani
muscle contained elastic fibers (Fig. 6A-C), whereas near
the bone, that of the stapedius did not (Fig. 5A,B). How-
ever, in the distal part of the latter, which was connected
with the stapes by a mesentery-like structure containing
vessels (Fig. 5G), elastic fibers tended to distribute at the
surface.

In the ossicles distant from the entheses, versican and
fibronectin were widely expressed along the periosteum
and perichondrium, as well as in peninsula-like soft areas
protruding into the bone along the nutrient vessels. Type II
collagen-positive areas were not evident in the periosteum

© 2012 The Authors
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and perichondrium, but only in the peninsula-like areas.
Tenascin-positive spots were also found along the vessels in
the peninsula-like areas. Aggrecan was labeled in most of
the osteocytes and some chondrocytes. Finally, hyaluronan
expression was restricted to the entheses (see above).
Although we prepared a negative control by omitting the
first antibody each time immunohistochemistry was per-
formed, only one representative photo is shown in Fig. 3J.

Discussion

The present study seems to be the first to have specifically
investigated entheses that are made up of mature elastic
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Fig. 5 Tendon insertion of the stapedius muscle to the stapes. A
specimen from an 81-year-old man (the same specimen as shown in
Fig. 3). (A,G) Elastica-Masson staining (EM stain). (B) Aldehyde-fuchsin
staining (AF stain). (C) Immunohistochemistry (IHC) for hyaluronan. (D)
IHC for fibronectin. (E) IHC for versican. (F) IHC for aggrecan. (A-F)
Near sections. (A,B) (or C-F) are prepared at the same magnification
(scale bars in panels A, C and G). (G) A mesentery-like structure to fix
the tendon (arrowheads): it contains no elastic fibers. Dotted line in
(B,C) indicate the tidemark: elastic fibers insert deeply into the
uncalcified fibrocartilage. Hyaluronan, fibronectin, versican and
aggrecan appear to be expressed in the same area of the tendon and
cartilage.

fibers inserted into the uncalcified fibrocartilage and
ending before the tidemark. To our knowledge, only one
previously published photo has shown a similar morphology
in the ligamentum flavum attachment to the vertebral arch
in the human adult (Viejo-Fuertes et al. 1998; Yayama et al.
2007). However, in contrast to the type Il collagen-poor fi-
brocartilage in the middle ear entheses, the fibrocartilage
at the ligamentum flavum attachment expresses the colla-
gen (Yayama et al. 2007) usually seen in entheses (see Intro-
duction). Although Hough (1958) often or sometimes
found absence, ossification and variation in length or
attachment site of the stapedius muscle in his surgical mobi-
lization cases of the bone, we did not found such variations
in the present materials: one reason may be related to the
fact that potential donors of the present study included
only a few auditory handicapped individuals.

Mature elastic fibers can be identified using either alde-
hyde-fuchsin or elastica-Masson staining. However, these
methods are not able to identify elastin (composite protein
of elastic fibers) or immature elastic fibers such as oxytalan
and elaunin (Cotta-Pereira et al. 1976). Therefore, there is a
possibility that elastin or immature fibers might have been
distributed in the calcified cartilage as well as in the middle
ear muscles. Moreover, because of the difficulty in handling
such small specimens, only a few of the sections we pre-
pared clearly showed the topographical anatomy of the
middle ear entheses. Nevertheless, we believe that we are
able to discuss the present observations, especially the colo-
calization of elastic fibers with other matrix substances. The
morphology we observed was unlikely to have resulted
from age-related degeneration because, in human fetuses
at 25-30 weeks of gestation, we found abundant elastic
fibers in the tendons of the tensor tympani and stapedius
muscles, as well as around the incudostapedial joint
(Murakami G, unpublished data). In contrast to the human
pelvic floor muscles (DeLancey, 2002; Hirata et al. 2011a,b),
the middle ear muscles did not carry elastic fibers either in
the epimysium or the perimysium. Conversely, elastic fibers
were restricted to the entheses. Thus, our discussion is able
to focus on ‘elastic fiber-mediated enthesis’.

The most striking feature of the matrix distribution
seemed to be the presence of hyaluronan among elastic
fibers. The co-presence of elastic fibers and hyaluronan in
the human vocal fold is well known (Hammond et al. 1997;
Hahn et al. 2006; Yamashita et al. 2010; Korn et al. 2011),
although the vocal fold elastic elements are composed pre-
dominantly of elaunin and oxytalan fibers (Hammond et al.
1997). The combination of elastic component and hyaluro-
nan has been considered to be an adaptation to vibration
of the vocal fold. In the human body, the same combina-
tion of substances has also been reported in the annular
and cruciform pulleys of the finger (Katzman et al. 1999),
the extensor retinaculum of the wrist and ankle (Klein et al.
1999), and the skin dermis (Rodrigo & Cotta-Pereira, 1979;

© 2012 The Authors
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Fig. 6 Distal parts of the tensor tympani muscle tendon. A specimen from an 85-years-old man (the same specimen as shown in Fig. 4). (A,B)
Elastica-Masson staining (EM stain). (C) Aldehyde-fuchsin staining (AF stain). (D) Immunohistochemistry (IHC) for fibronectin. (E) IHC for versican.
(F) IHC for aggrecan. (G) IHC for hyaluronan. All panels are prepared at the same magnification (scale bar in A). (A) Muscle-tendon interface of
the tensor tympani muscle. (B—-G) Adjacent or near sections. At the muscle-tendon interface, elastic fibers converge to a collagenous core (star in
A); near the insertion, the fibers gradually occupy almost all cut surface of the tendon (B,C). The tendon sheath also contains abundant elastic
fibers. Hyaluronan, versican and fiibronectin display a laminar distribution between the elastic fibers (D-F). Many aggrecan-positive spots are seen

in the sheath of the tendon (G).

Frei et al. 1998; Veiga et al. 2011). Hyaluronan acts as a
lubricant in the joint cavity, and a similar role in reducing
friction stress between inner ear cells has been reported
(Anniko & Arnold, 1995). Hyaluronan has recently been
used as a scaffold for regeneration of joint cartilage (Fan
et al. 2010; Jakobsen et al. 2010). In this context, for wound
healing of the vocal fold, favorable restoration of both elas-

© 2012 The Authors
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tin and hyaluronan is necessary for prevention of scarring
after injury (Ohno et al. 2012). In the field of bioengineer-
ing, a positive role of elastic fibers and hyaluronan in
combination for repair of the aortic wall has also been
reported (Gacchina & Ramamurthi, 2011), as well as in the
nucleus pulposus of the intervertebral disc (Moss et al.
2011). In the middle ear entheses, the constant vibration or
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oscillation from the tympanic membrane seems to facilitate
differentiation of the elastic fiber-hyaluronan combination,
which in turn appears to prevent tissue destruction result-
ing from such vibration.

Hyaluronan usually forms a complex with aggrecan or
versican (Matsumoto et al. 2006): the present results sug-
gest that in the middle ear entheses, hyaluronan most likely
combines with versican. In contrast, aggrecan expression
was restricted to a plica-like structure in the icudostapedial
joint, possibly for adaptation to compression stress. It has
been reported that versican colocalizes with both elastin
and hyaluronan in the heart mitral valve (Stephens et al.
2010) and vascular smooth muscle under conditions of
inflammation (Kuznetsova et al. 2006). Finally, like the situ-
ation in the middle ear entheses, quadruple colocalization
of versican, fibronectin, elastin and hyaluronan has been
reported in human airway cartilages (Johnson, 2001) and
the trabecular meshwork of the corneoscleral junction in
the human eye (Ueda & Yue, 2003). A common feature of
all these structures is that they are composed of strong but
soft tissues receiving multidirectional mechanical stress.
Unfortunately, we were unable to obtain detailed informa-
tion about the composite matrices of the ligamentum fla-
vum attachment (see also the first paragraph), which are
often associated with age-related calcification (Nakamura
et al. 1990; Viejo-Fuertes et al. 1998; Yayama et al. 2007).

Osteopontin, an acidic matrix protein expressed mainly in
mineralized tissues, is a constitutive component of normal
elastic fibers (Baccarani-Contri et al. 1995), and thus elastic
fibers facilitate calcification (reviewed by Perrotta et al.
2011). Moreover, osteopontin is involved in the generation
of T-lymphocyte subpopulations that are responsible for
various autoimmune diseases (reviewed by Scatena et al.
2007; Uede, 2011). The enthesis is known to be a target of
inflammation, especially when immunity is disturbed
(reviewed by Benjamin & McGonagle, 2001; Milz et al.
2005) and, as a result, the elastic fiber-mediated enthesis
becomes calcified, in contrast to its usual collagen-rich com-
position. However, some reports of such pathology in ear
ossicles may exist. One possibly relevant feature is the low
expression of tenascin-c in normal middle ear entheses.
Tenascin is known to be expressed under conditions of
degeneration or repair (Pfander et al. 2004; Nakoshi et al.
2010). Goepel (2008) has reported an interesting correlation
between elastin and tenascin in the intrapelvic connective
tissue: greater amounts of tenascin and smaller amounts of
elastin were found in patients with pelvic organ prolapse.
Further investigations will be necessary to clarify this rela-
tionship in the middle ear entheses under conditions of
inflammation.

Finally, we should discuss the ‘insertion angle change’ of
the tendon or ligament to the bone during the joint
movement because it exerts great stress on the enthesis
(Benjamin et al. 2006). Notably, according to a finite-
element model of the ear ossicle articulations (Koike et al.

2002), positional changes at the incudostapedial joint seems
to be < 0.1° in the joint angle (angle between the two
bones) and <1 um in the sliding distance. Such small
changes are never seen in any other joints in the human
body. Therefore, the insertion angle changes of the middle
ear muscle tendons are also likely to be very small. This fact
may be one of major reasons why the elastic fiber-mediated
enthesis can exist in the middle ear, in addition to the con-
stant vibration stress. Although the present results included
a region-specific manner of elastic fiber distribution in the
tendons, we can't deny the possibility of individual varia-
tions: actually, a study limitation was the small number of
specimens. However, the small insertion angle change may
allow variations.
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