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Summary

Background: We aimed to investigate the three-
dimensional structure of the collagenous fibers of
the ligamentum teres (LT) of the human hip and
clarify the LT micro-anatomy at the attachment of
the femoral head.

Methods: Femoral heads and LT were collected
during hip arthroplasty. Specimens were cut into
5-10-mm squares, prepared, developed, and ob-
served under a light microscope. Next, specimens
were prepared and examined under a scanning
electron microscope (SEM).

Results: Under optical microscope, LT adhered to
the artificial cartilage at the attachment of the
femoral head. Under SEM, LT comprised parallelly
arranged collagenous fibers and the fine collage-
nous fibrils were twisted. While the central col-
lagenous fibers of the LT at the attachment of the
femoral head penetrated the articular cartilage tis-
sue and reached the ring-shaped bone, fibers at
the margin traversed and adhered to the cartilage
surface.
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Conclusion: Articular cartilage and subchondral
bone are present at the LT attachment to the
femoral head. Although collagenous fibers of the
LT show parallel arrangement at the main trunk,
they are dispersed at the cartilage surface and
not all reach the thin subchondral bone of the
femoral head. This could possibly weaken liga-
ment strength at the attachment of the femoral
head.

Level of evidence: IV.

KEY WORDS: collagenous fibers, ligamentum teres,
light microscope, scanning electron microscope.

Background

The human intra-articular ligaments include the liga-
mentum teres (LT) of the hip, and the anterior cruci-
ate ligament and posterior cruciate ligament of the
knee joint. Because the ligaments of the knee joint
contribute to joint stability, their damage leads to joint
instability and consequently the development of os-
teoarthritis. On the other hand, it has been also re-
ported that some injuries of the LT, including femo-
roacetabular impingement and acetabular dysplasia,
are a cause of osteoarthritis in the hip joint23. Howev-
er, because there are no detailed descriptions in
these reports, it is still unclear whether the LT is rup-
tured as a consequence of the anatomical elements
of the bone or the instability of the hip joint. Thus, it is
also not clear whether the cause of osteoarthritis is
the anatomy of the hip or a secondary consequence
of LT rupture, or whether the cartilage injury is the
consequence of the micro-instability. Recently, clini-
cal attention has been paid to the LT and the possible
involvement of the ligament in hip joint stability and in
disease progression*5. The LT is known as an impor-
tant stabilizer of the hip joint, particularly during hip
flexion and external rotation5. Though older age and
acetabular bony pathomorphology are two of the
known risk factors for LT tears®, we are interested in
whether the LT itself has a microanatomical vulnera-
ble feature. The LT in the human joint starts from the
fovea of the femoral head and involves a ligament at-
tached to the acetabular notch. Macroscopically, it
appears to be attached to the articular cartilage of the
femoral head. However, there is doubt as to whether
this ligament truly adheres to the articular cartilage. If
this is true, this contradicts the definition of a liga-
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ment. Fundamental elucidation of the anatomy and
functionality of the LT is yet to be reported. In particu-
lar, there is no detailed report on the micro-anatomy
of the LT. Details of the morphology and the arrange-
ment of collagenous fibers, which are a main compo-
nent of LT attachment and the ligament itself, have
not been fully elucidated. Furthermore, no reports
have ultrastructurally examined the LT using an elec-
tron microscope. The purpose of this study was to
clarify the characteristics of the micro-anatomy of the
LT, especially its construction, the arrangement of the
collagenous fibers contained within the LT, and the
structure of the region where the ligament adheres to
the femoral head, by using an optical microscope
[light microscope (LM)] and scanning electron micro-
scope (SEM). Though older age and acetabular bony
pathomorphology are two of known risk factors for
LT tears®, we are interested in whether the LT itself
has micro-anatomical vulnerable feature.

Materials and methods

Femoral heads removed at the time of arthroplasty
for femoral neck fractures were used. The femoral
heads and LT were collected during surgery from a
76-year-old woman, a 79-year-old woman, and an 80-
year-old man without any history of disease at the
time of surgery for the femoral neck fracture. The
femoral heads were placed immediately in formalin
fixative and cut with a diamond band saw longitudi-
nally to allow adequate view of the LT. The cut sam-
ples were immersed in 5% EDTA solution for 2 weeks
and demineralized. For the LM, 7-um paraffin sec-
tions were stained with hematoxylin and eosin (HE;
pH 2.5) and Alcian blue (pH 1.0) for histochemical
carbohydrate reactions. For the SEM, after observa-
tion with an optical microscope, the remaining paraf-
fin blocks were deparaffinized with xylene and refixed
with a mixed solution of glutaraldehyde and formalde-
hyde. Furthermore, samples were immersed in 2 N
NaOH solution at 37 °C for 3 hours to digest the ex-
tracellular matrix. Samples were thoroughly washed
with physiological saline and placed in 1% osmium
tetroxide, 1% tannic acid, and 1% osmium tetroxide
for 1 hour each, dehydrated with alcohol, and then
freeze-dried with butyl alcohol. After evaporation,
they were examined using the S-4800 SEM (Hitachi,
Tokyo, Japan)”.

Light microscopic examinations

Specimens were cut into 5-10-mm squares, fixed in
10% formalin or 4% paraformaldehyde in phosphate
buffer (pH 7.4), dehydrated, and embedded in paraf-
fin. The 7-um sections were stained with HE. They
were also immunostained with rabbit anti-desmin an-
tibody (DAKO Corporation, Glostrup, Denmark), im-
mersed in rabbit IgG gold solution (5 nm) (Amersham
Pharmacia Biotech, Little Chalfont, UK), physically
developed?8, and observed under a LM (Nikon,
Tokyo, Japan).
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Electron microscopic examinations

For immunohistochemistry, small tissue blocks in-
cluding Purkinje cells from a sheep heart were fixed
in periodate-lysine-paraformaldehyde fixative, dehy-
drated, and embedded in London resin (LR white).
Ultrathin sections were immunostained using the IgG
gold-silver method with anti-desmin antibody, stained
with only uranyl acetate, and examined with a JEOL
100CX electron microscope (JEOL USA, MA, USA).
To visualize intermediate filaments by SEM, the
sheep false tendon fixed in one-quarter Karnovsky
fixative was immersed in 40% dimethyl sulfoxide so-
lution, freeze-dried, and treated with 0.3% saponin
solution for 3 hours at 37 °C°. However, the remain-
ing paraffin blocks of human hearts used for LM were
also used for SEM. They were deparaffinized with xy-
lene, hydrated, fixed again in Karnovsky fixative, and
immersed in 2 N NaOH at 37 °C for 3 hours to ex-
pose myofibrils and intermediate filaments”. All speci-
mens were placed in 1% osmium tetroxide, 1% tannic
acid, and 1% osmium tetroxide for 1 hour each, dehy-
drated in ethanol of ascending concentrations, and
dried with t-butyl alcohol using a freeze-drying method.
Specimens were coated with gold and examined at
25 or 15 kV using an HFS-II or Hitachi S-800 SEM
(Hitachi, Tokyo, Japan).

The procedures in this study followed were performed
ethically in accordance with international standards
and as required by Muscles, Ligaments and Tendons
Journal, as described in Padulo et al.’9. This re-
search was approved by the Ethics Committee of our
University. The approval number and approval date
were 1053 and 22 July 2016, respectively. All experi-
mental procedures were performed in accordance
with the guidelines for the care and use of laboratory
animals of Animal Experimentation of our University.

Results

Macroscopic and light microscopic findings
Macroscopically, the LT was attached to the fovea of
the femoral head, which was in zone 6 of division ac-
cording to llizaliturri et al.!" (Fig. 1A). Slightly whitened
articular cartilage could be identified on the surface of
the femoral head after cleaving the femoral head at the
center of the LT with a diamond saw (Fig. 1B, 1C, 1D).
The LT spread like a fan in the proximity of the at-
tachment and appeared to adhere to the cartilage.
The cartilage width of the ligament attachment ap-
peared to be thinning. When viewing the demineral-
ized specimen under the optical microscope and us-
ing hematoxylin and eosin (HE) staining, the LT was
enclosed in the ligament membrane and consisted of
close, parallel, collagenous fibers. The ligament
seemed to adhere to the articular cartilage, but this
we were not certain (Fig. 2A, B). Articular cartilage
stained with Alcian blue at the site of LT adherence
appeared spotted and cartilage tissue appeared
sparse (Fig. 2C, 2D). Articular cartilage showed mor-
phological features similar to hyaline cartilage.
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Figure 1. Naked eye view of the femoral head. The LT seems to adhere to zone 6 of division according to llizaliturri et al.!!

of the femoral head (A). When the femoral head is cleaved at the center of the LT with a diamond saw, articular cartilage is
identified on the surface (B-D). The LT spreads like a fan near the attachment (C). The cartilage width of the ligament at-

tachment appears thin (B, D).

Scanning electron microscopic findings

In this study, 2 N NaOH treatment with deparaffinized
block digested the extracellular matrix and made it
possible to three-dimensionally observe collagenous
fibers comprising ligaments, cartilage, and bone with
the SEM. The string-like ligament spread in a fan
shape along the cartilage in the femoral head attach-
ment (Fig. 3). The ligament comprised large and
small collagenous fibers arranged in parallel, with
each consisting of a bundle of type | collagen fibrils
with further twisting viewed in the magnified image
(Fig. 4A, 4B). The collagen fibril diameter was 120-
140 nm. Ligament, articular cartilage, bone, and bone
marrow were identified from the surface in the SEM
image of the ligament attachment (Fig. 5). The termi-
nal gradually became thinner and appeared to adhere
to the surface of articular cartilage. Collagen fibrils of
the ligament appeared to run linearly. However, the
collagenous fibrils of the articular cartilage were
slightly narrow in diameter and had a network
arrangement of approximately 80-100 nm. Fibers at
the margin of the ligament traversed the cartilage sur-
face, but when the central part of the ligament ad-
hered to the articular cartilage, the collagenous fibers
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descended perpendicularly to the femoral head.
Branching of the collagen fibers appeared to pene-
trate the articular cartilage tissue (Fig. 6). In an en-
larged SEM image, it was shown that articular carti-
lage, comprising chondrocytes and collagenous fib-
rils, was arranged densely with a surrounding net-
work (Fig. 7). The collagenous fibril bundle of the
branched ligament traveled linearly within the carti-
lage tissue (hyaline cartilage) (Fig. 8). Collagenous
fibers of the ligament branch that invaded the carti-
lage reached the ring-shaped bone (Fig. 9). It is note-
worthy that the annual ring of the bone comprised
thin fiber bundles in which the collagenous tissue
fibers were twisted and arranged in a mixed weave
(Fig. 10).

Discussion

A ligament comprises strong connective tissue that
connects bone to bone. The anterior cruciate ligament
and the posterior cruciate ligament of the knee, which
are intra-articular ligaments similar to the LT, have
been proven macroscopically and histologically'213 to
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Figure 2. Optical microscopic photograph of the LT attachment area. Using hematoxylin and eosin (HE) staining, the perid-
ermium, which is a dense connective tissue consisting of crossing collagen fibers, is seen surrounding the LT, and the LT
appears to adhere to articular cartilage (A). The ligament comprises dense, parallel-arranged, collagenous fibers (B). Articu-
lar cartilage is stained with Alcian blue (C). The site where ligaments adhere to the articular cartilage shows sparse cartilage
tissue (D).
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Figure 3. Scanning electron microscope (SEM) image of
the longitudinally-cut LT. The string-like femoral head

(tough ligament) spreads like a fan at the femoral head at-
tachment.

have fibrous tissue that reaches the bone. It is reported
that the LT also starts in the acetabular notch and
transverse ligament and ends at the fovea of the
femoral head with two or three fiber bundles from the
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pubis and ischium of the acetabular fossa'415.

The anterior bundle that connects with the pubic part
of the acetabular notch and the posterior bundle that
connects with the ischiate part appear strong, and the
gap between the anterior bundle and the posterior
bundle is slightly thin. The LT has a thickness of ap-
proximately 30-35 mm and its cross-section has a cir-
cular or elliptical fibrous structure'®. Blood vessels
nourishing the femoral head pass during early child-
hood. In adults, the branches of the closed artery are
running, but one-third are retracted!’. Sensory recep-
tors in the femoral head ligament exist for innerva-
tion&18,

Although the function of the LT as a stabilizer within
the normal range of motion other than dislocation is
largely unknown, it has been clarified, using
arthroscopy and MRI, that the LT works to stabilize
the femoral head, in particular during flexion, adduc-
tion, and external rotation'41, It has actually been re-
ported that damage to the LT, acetabular labrum, and
cartilage are observed at the same time. It has been
suggested that damage to the LT possibly leads to
microinstability of the hip joint'®. In addition, control of
exercise by sensory receptors, blood supply to the
femoral head, and agitation of synovial fluid have
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Figure 4 A, B. An enlarged scanning electron microscope (

m

SEM) image of the LT. The ligament consists of large and small,

i CLdry

parallel-arranged, collagenous fibers (A). In the enlarged image of the collagen fiber, the collagen fibrils show a torsional ar-

rangement (B).
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Figure 5. Scanning electron microscope (SEM) image of
the ligament attachment area. The bone ligament attach-
ment consists of the ligament (L), articular cartilage (C),
bone (B), and bone marrow (BM) from the surface.
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Figure 6. Scanning electron microscope (SEM) image in-
side the articular cartilage. The collagenous fibers traveling
along the cartilage surface appear to dig into the deep lay-
er of the cartilage tissue (C) while changing the angle.
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Figure 7. Enlarged image of the inside of the articular carti-
lage. The collagenous fibril bundle (CF) of the branched
ligament travels linearly within the cartilage tissue (hyaline
cartilage). C: chondrocytes; *: type Il collagen.

\ I.OOILJmI
Figure 8. Boundary between articular cartilage and bone
denseness. Ligament branches (L) and collagen fibers that

have invaded the cartilage reach the annual ring-shaped
bone tissue (B).
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Figure 9. Collagen fibers comprising densities. Twisted col-
lateral fibrils are arranged in a mixed weave.

been reported as LT functions’®.

However, the structure and function of the femoral
head ligament have not yet been clarified. In fact, it
has been reported that there is no cartilage in the
fovea of the femoral head attachment'®.19. However,
this SEM study utilizing the chemical digestion
method revealed that the collagenous fibers which
formed the fiber bundle at the middle of the ligament
branched to each fiber at the time of reaching the
cartilage of the femoral head. Furthermore, individual
fibers (although not all fibers) reached the subchon-
dral bone linearly after passing the cartilage indepen-
dently.

Collagenous fibrils composed of type Il collagen in
the articular cartilage were thinner than those of the
ligaments, so it was relatively easy to distinguish
them from each other. Therefore, although the LT ap-
peared macroscopically to be attached to the carti-
lage surface, collagenous fibers in the central part of
the ligament actually passed through the cartilage
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and adhered to the bone. Therefore, our findings sup-
port the definition of a ligament. The collagen fibers
spread like a fan when reaching the cartilage, and the
fibers in the central part of the ligament directly en-
tered the cartilage and reached the bone. As collater-
al fibers traverse the cartilage surface and move into
the cartilage, the collagen fibers straighten to the
bone so that the collagen fibers become angled at the
surface of the cartilage. Furthermore, collateral fibers
at the margin traversed to the cartilage surface, grad-
ually thinned, and stopped on the cartilage surface. In
this way, the microanatomical characteristics of the
LT, whereby the collagenous fibers dispersed and
bent at an angle at the surface of the cartilage and
not all collagenous fibers adhered to the bone, may
lead to a reduction of ligament strength at the attach-
ment of femoral head. In addition, though it was diffi-

Figure 10. Margin of the ligament attach-
ment. Collagen fibers (L) of ligaments be-
come thinner as they go to the periphery. Fi-
nally, they appear to adhere to the cartilage
surface (C). Insertion shows collagenous fib-
rils (L) comprising ligaments and collage-
nous fibrils (C) comprising cartilage.

cult to confirm macroscopically, this study revealed
that articular cartilage and subchondral bone certainly
exists at the fovea of the femoral head. More re-
markable was the thickness of the subchondral bone.
Because our specimens were from femoral neck frac-
tures of elderly patients, it cannot be denied that os-
teoporosis was involved. However, our specimens
were very thin, approximately 30-50 um, in this se-
ries.

As a limitation of this study, we did not consider the
details of the ligament attachment on the acetabulum
side. This is required to clarify the difference between
the acetabular side and the adhesion form. Clinically,
it may not be necessary to collect acetabular bones
with ligaments. Collection from fresh cadavers is one
option.

Finally, we conclude that the LT in the human hip
joint consists of large and small collagenous fibers
arranged in parallel. At the femoral head attachment,
the ligament spreads like a fan along the cartilage
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surface. Each collagenous fiber consists of a bundle
of collagen fibrils with further twisting. Collagen fibers
at the margins of the ligament traverse the cartilage
surface and the central collagenous fibers of the liga-
ment descend perpendicularly to the femoral head.
Collagenous branches enter the articular cartilage tis-
sue and reach the thin cortical bone of the femoral
head. This study was able to elucidate the micro-
anatomy of the collagen fibers of the ligament trunk
at the attachment to the femoral head fossa. We
believe that our findings help to clarify the invol-
vement of the LT in stability and disease of the hip in
more detail. Further investigations of the micro-
anatomy of the attachment at the acetabular fossa of
the LT, and the differences in micro-anatomy of the
LT caused by diseases and age, are needed in the
future.
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