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ABSTRACT: Injuries to the anterior cruciate ligament (ACL) often occur at the ligament-to-bone
insertion site; thus, an in-depth understanding of the native insertion is critical in identifying the
etiology of failure and devising optimal treatment protocols for ACL injuries. The objective of this
study is to conduct a systematic characterization of the ACL-to-bone interface, focusing on structural
and compositional changes as a function of age. Using a bovine model, three age groups were studied:
Neonatal (1-7 daysold), Immature (2—6 months old), and Mature (2—5 years old). The distribution of
types I, II, X collagen, decorin, cartilage oligomeric matrix protein (COMP), glycosaminoglycan
(GAG), alkaline phosphatase (ALP) activity, and minerals at the ACL-to-bone insertion were
examined. Additionally, cell aspect ratio, size, and distribution across the insertion were quantified.
The ACL-to-bone insertion is divided into four regions: ligament, nonmineralized interface,
mineralized interface, and bone. Both region-dependent and age-dependent structural and
compositional changes at the insertion site were observed in this study. The interface in the
skeletally immature group resembled articular cartilage, while the adult interface was similar to
fibrocartilaginous tissue. Age-dependent changes in extracellular matrix composition (type X
collagen, sulfated glycosaminoglycan), cellularity, ALP activity, and mineral distribution were also
found. Marked differences in collagen fiber orientation between the femoral and tibial insertions
were observed, and these differences became more pronounced with age. © 2006 Orthopaedic

Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 24:1745—-1755, 2006
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INTRODUCTION

The anterior cruciate ligament (ACL) is a band of
regularly oriented, dense connective tissue that
connects the femur to the tibia. The ACL inserts
into bone through an interface region, and serves
as a joint stabilizer by acting as the primary
restraint to anterior tibial translation. ACL tears
and ruptures are the most common knee ligament
injuries, and affect over 100,000 people per year in
the United States alone.’ Many ligament injuries
occur at the ligament-to-bone insertion, particu-
larly at the femoral insertion site.>? As the ACL
exhibits poor healing potential with its limited
vascularization, ACL ruptures do not heal, and
surgical intervention is required.* ® There are
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currently two autologous reconstruction options:
bone-patella tendon-bone (BPB), and hamstring
tendon-based grafts. Use of hamstring tendon-
based grafts has increased due to limitations
commonly associated with BPB grafts, for exam-
ple, donor site morbidity, muscle atrophy, tendo-
nitis, and arthritis.”® However, the wider clinical
utilization of the hamstring tendon-based graft is
hindered by its inability to fully integrate with
bone and the associated increase in knee laxity due
to inadequate graft fixation.® Consequently, the
extent of graft integration with osseous tissue
remains the critical factor governing the long-term
clinical outcome of soft tissue grafts. To address
the challenge of soft tissue to bone integration, an
in-depth understanding of the structural, chemi-
cal, and material properties of the native ACL-to-
bone insertion site is needed.

The native ACL-to-bone insertion has been
reported to consist of four different tissue regions:
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ligament, nonmineralized interface, mineralized
interface, and bone.?~® Specifically, the ligament
region is composed of fibroblasts embedded in a
type I and type III collagen matrix. The nonminer-
alized interface region consists of ovoid chondro-
cytes, and type II collagen is detectable within the
pericellular matrix, and the primary sulfated
proteoglycan is aggrecan. The mineralized inter-
face region contains hypertrophic chondrocytes
that are surrounded by extensive pericellular
matrix.'* Type X collagen, normally associated
with hypertrophic chondrocytes, is found only
within the mineralized region.'®*! The gross
appearance of the interface region has been
reported to be similar to that of fibrocartilaginous
tissue.? The last region along the ligament inser-
tion axis is the subchondral bone, in which
osteoblasts, osteocytes, and osteoclasts are embed-
ded in a type I collagen matrix.

Previous characterization studies have provided
valuable insight into the organization and compo-
sition of the interface. As such, current under-
standing of the soft tissue-to-bone insertion is
derived based on findings from a variety of animal
models (e.g., rat, bovine, rabbit, and human), in
which neither species-specific nor age-dependent
differences have been determined. There is thus a
need for a systematic characterization of the inter-
face in terms of matrix composition, component
distribution, and mineralization within a single
model. Moreover, the majority of the reported
studies provided qualitative evaluations of the
interface, and quantitative analyses of the varia-
tions, if any, in cellularity and cell size at the
insertion have not been reported. Although the
immediate postnatal development of the insertion
site has been examined in the literature,b1%1417
the age-dependent changes in insertion structure
and matrix composition are not well understood.
Knowledge of age-related changes at the insertion
is crucial, because ACL injuries are largely
reported in patients ranging 15 to 35 years of
age.'® An in-depth evaluation of the region-depen-
dent and age-related changes at the insertion will
be critical in our effort to regenerate the soft tissue-
to-bone interface. Moreover, the interface between
bone and tendons exhibits similar regional transi-
tions described above; thus, findings from this
study will augment current understanding of soft
tissue-to-bone insertions.

The objective of this study is to conduct a
systematic characterization of the ligament-to-
bone interface as a function of age using both
qualitative and quantitative methods applied to a
single animal model. Analyses were performed for
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three age groups using a bovine model: Neonatal
(1-7 days old), Immature (2—6 months old), and
Mature (2—5 years old). It was hypothesized that
there will be age-dependent changes in extracel-
lular matrix composition, cellularity, and mineral
distribution. The cell aspect ratio, size, and dis-
tribution across the four regions of the insertion
were quantified, and the distribution of types I, II,
X collagen, extracellular matrix proteins, and
minerals were evaluated.

MATERIALS AND METHODS

All chemicals were purchased from Sigma Chemical
(St. Louis, MO) unless otherwise noted.

Isolation of ACL-to-Bone Insertion Samples

Bovine knee joints were obtained from a local abattoir
and the joints were divided into three groups: Neonatal,
1 to 7 days of age; Immature, 4 to 6 months of age; and
Mature, 2 to 5 years of age. The joints (n =3 per group)
were cleaned in an antimicrobial bath. To isolate the
insertion, a straight midline longitudinal incision
extending from the distal femur to the tibia was made
in the bovine knee under aseptic conditions. After
retraction of skin and subcutaneous fascia, the patellar
tendon was removed, and a deeper incision was made
into the joint capsule to expose the femoral condyle and
the tibial plateau. The femoral and tibial insertions were
identified and excised. The sample comprised of the
ligament and intact insertion connected to the bony
regions. The samples were rinsed with phosphate-
buffered saline (PBS), fixed in 10% neutral buffered
formalin plus 1% cetylpyridium chloride for 4 h, and
stored in PBS at 4°C prior to processing.

Preparation of Nondecalcified and Decalcified Samples

For immunohistochemistry and histology, the samples
were first decalcified in 5% formic acid. Samples were
cut sagittally to expose the insertion site and then
processed for paraffin embedding (Tissue Tek VIP
Tissue Processor, Sakura Finetek U.S.A., Inc., Torrance,
CA), sectioned to 5 um in thickness, and prepared for
standard histology or immunohistochemistry. To loca-
lize the mineral distribution at the insertion site, frozen
sections were prepared. Briefly, mineralized insertion
sites were cryoprotected with a 5% polyvinyl alcohol
solution and frozen sections (8 um) were obtained using
a tungsten-carbide knife (Hacker Instrument, Inc.,
Fairfield, NJ). The sections were air dried or stabilized
in absolute acetone prior to staining.

Extracellular Matrix Organization—Total
Collagen and Proteoglycans

Matrix distribution was assessed using the Modified
Goldner’s Masson Trichrome Stain.?’ Total collagen
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distribution was visualized by Picro Sirius stain, where
the samples were immersed in 0.1% Sirius Red solution
and counterstained with Harris’ Hematoxylin. The
insertion of collagen fibers at the interface was visua-
lized using a polarized light filter.?! Matrix proteoglycan
distribution was detected by 1% Alcian Blue stain in 3%
acetic acid followed by Kernechtrot counterstaining.

Extracellular Matrix Distribution—Collagen 1, 11, X,
Decorin, COMP

The distribution of types I, II, X collagen, and matrix
proteins such as decorin and cartilage oligomeric matrix
protein (COMP) were evaluated using immunohisto-
chemistry. Monoclonal antibodies for type II collagen
(1:20 dilution), type X collagen (undiluted), and decorin
(undiluted) were purchased from Developmental Stu-
dies Hybridoma Bank (Iowa City, IA). Murine mono-
clonal antibody against type I collagen was purchased
from Chemicon International, Inc. (Temecula, CA) and
used at 1:60 dilution. Polyclonal antibody F8 against
COMP was used at 1:1000 dilution. Parallel negative
controls were run with PBS substituting primary
antibodies. Before staining for decorin and types II and
X collagen, the samples were treated with 1% hyalur-
onidase for 30 min at 37°C, and then incubated with
primary antibody overnight. Following PBS wash,
biotinylated secondary antibody and Streptavidin con-
jugate (LSAB 2 System, DAKO, Carpinteria, CA, and
Vectastain kit, Fisher Scientific, Fair Lawns, NJ) were
added. Positive staining with the colorimetric substrate
3,3’ Diaminobenzidine or N,N’ Dimethylformamide was
indicated by the formation of brown precipitates.

Alkaline Phosphatase (ALP) Activity and Mineral
Distribution at the ACL-to-Bone Insertion

The staining to ALP activity??> was performed on the
cryosectioned samples immediately following section-
ing. The samples were fixed in acetone and incubated in
the ALP solution (Fast Blue RR Salt) for 30 min. The
samples were counterstained with Eosin prior to view-
ing. The mineralized region at the interface was
visualized by Von Kossa staining.?® The samples were
immersed in 5% silver nitrate solution and exposed to
ultraviolet light for 10 min to initiate the reaction. The
samples were then rinsed with water and viewed using
light microscopy (Zeiss Axiovert 25, Zeiss, Germany).

Quantitative Analyses of Insertion—Interfacial Thickness,
Cell Density, Area, Aspect Ratio

Light microscopy images of the insertion site were
evaluated using customized digital image analyses
(Scion Image, Frederick, MD). Interfacial thickness
(n=3), which pertains to the interface region of the
insertion, was quantified using trichrome staining
images. Image calibration was performed by correlating
the spanning pixel value to the length of the scale bar.
Each image was divided into nine regions perpendicular
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to the insertion orientation, and an average thickness
was computed across the insertion. Cell density at the
interface (n =3) was measured based on the hematox-
ylin and eosin staining images. The interface was
divided into nine subdivisions progressing in parallel
from ligament to bone, and the number of cell nuclei was
counted across each division and summed. Change in
cell aspect ratio across the interface (n=3) was
computed by determining the ratio of the major and
minor axes of each cell, while cell cross-sectional area
(n=3) was calculated assuming an elliptic geometry.
Cell aspect ratio and area were calculated based on the
Neonatal and Immature groups, as cellularity was
difficult to visualize in the Mature group due to the
dense distribution of fibrocartilage at the interface.

Statistical Analysis

Data are expressed as mean + standard deviation. For
statistical analysis, a two-way analysis of variance was
performed to determine the interface thickness, cell
density, area, and aspect ratio. The Tukey-Kramer post
hoc test was used for all pairwise comparisons, and
statistical significance was set at p < 0.05. All statistical
analyses were performed using the JMP statistical
software package (SAS Institute, Cavy, NC).

RESULTS
Extracellular Matrix Organization

Three distinct regions were observed, and will be
referred to here as: Ligament, Interface, and Bone
(Fig. 1A). The Interface is further divided into the
NonMineralized Interface and Mineralized Inter-
face regions. The width and organization of the
interface varied as a function of age. Specifically,
interfacial morphology in the Neonatal group
(Fig. 1A1) and Immature group (Fig. 1A2)
resembled those of articular cartilage, while the
Interface region in the Mature group (Fig. 1A3)
was found to be more fibrocartilage-like, with
chondrocytes distributed along the long axis of the
collagen fibers. Blood vessels were observed in the
Interface region and the Bone region. Interfacial
thickness was 780 + 3 um for the Neonatal group,
followed by 480+ 5 pm for the Immature group
and 356 +4 pum for the Mature group. Significant
difference in interfacial thickness was found
among the three age groups examined (p < 0.05).
Individual cell cross-sectional area increased
from the Ligament region to the Bone region.
Ligament fibroblasts were elongated and aligned
along the long axis of the collagen fibers,
while cells at the Interface region exhibited a
spherical-shaped, chondrocyte-like morphology.
Hypertrophic chondrocytes were clustered at the
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Mineralized Interface region. Additionally, cross-
sectional cell area increased from the Ligament
region to Bone (Fig. 1B). For the Neonatal group,
cell area was the greatest near the Bone region at
510 + 79 pm?, and it decreased away from Bone to
the Ligament region (127 + 32 um?). For Immature
group, cell area near bone tissue measured
694+ 178 pm? and 262+ 88 pm? near the liga-
ment. No significant difference in cell density and
aspect ratio was observed with age. Cell density
remained constant across the insertion, while
region-dependent changes in cell cross-sectional
area and aspect ratio were found. Cell aspect ratio
was the highest within the Ligament region
(1.6 + 0.3) compared to the other regions (p < 0.05).

A

Collagen Distribution and
Insertion into the Interface Region

In the Neonatal and Immature groups, a near 90°
bend in collagen fiber orientation was observed
near the Interface region, with the collagen
bundles aligned parallel to the interface
(Fig. 2A1). Under polarized light, an oblique
insertion of several strands of collagen fibers from
the Ligament to the Interface region was observed
(Fig. 2A2). In contrast, for the Mature group, the
collagen fibers inserted continuously and perpen-
dicularly into the Interface region (Fig. 2C2). The
alignment of the collagen bundles in the Ligament
region remained parallel to that of the Interface
region. Differences in fiber orientation were also
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Figure 1. Age-dependent changes in the matrix and cellular organization at the ACL-
to-bone insertion. The insertion can be divided into three regions: Ligament (L),
Interface, and Bone (B). The Interface region is further divided into the Nonmineralized
(NI) and Mineralized (MI) Interface regions. (A) Structural organization, Goldner’s
Trichrome: (1) Neonatal, 1 to 7 days of age; (2) Immature, 4 to 6 months of age; and (3)
Mature, 2 to 5 years of age. Interface morphology in the Neonatal and Immature groups
resembles those of articular cartilage, while the Mature Interface is more fibrous and
fibrocartilage-like, suggesting significant adaptation occurred with maturation. (B)
Region-dependent variation in cell area reflects the change in cellularity across the
insertion, from fibroblasts to chondrocytes, and then to hypertrophic chondrocytes.
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Figure 2.

observed between the femoral and tibial inser-
tions. Fiber orientation at the tibial insertion was
more uniform (Fig. 2C2) with the fibers aligned
in parallel to each other, while the collagen
fibers found at the femoral insertion (Fig. 2C1)
were much less organized. The highest stain
intensity for type I collagen was observed in the
Ligament region. Type II collagen was located
mainly in the Interface region, with higher
intensity stain found at the Mineralized Interface
region (Fig. 3A). No discernable differences were
observed with age.

DOI 10.1002/jor

Insertion- and age-dependent changes in collagen insertion patterns. Picro
Sirius Red staining combined with circular polarized light microscopy on Femoral (1-left)
and Tibial (2-right) insertions. (A) Neonatal; (B) Immature; (C) Mature, bar =200 um.
The collagen fibers at the tibial insertion are more organized compare to those of the
femoral insertion site. These differences also become more pronounced with maturation.

Extracellular Matrix Proteins and

Proteoglycan Distribution

No observable differences in decorin or COMP distri-
bution were found as a function of age. Decorin
was located largely in the Ligament and Interface
regions, and COMP was observed primarily peri-
cellularly in the Interface region (Fig. 3B). In
contrast, both age-dependent and region-depen-
dent changes in proteoglycan distribution were
observed across the insertion. Positive glycosamin-
oglycan (GAG) staining was found at the Interface
region, and the intensity of the stain decreased
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Figure 3. The distribution of type II collagen and
cartilage oligomeric matrix protein (COMP) remained
unchanged with age. Immunohistochemical staining for
(A) Type II collagen, and (B) COMP in the Immature
group. Type II collagen was observed in the Interface
region for all age groups, and the Mineralized Inter-
face region exhibited higher intensity of type II collagen
stain. Similarly, COMP was found in the Interface region
for all age groups examined.

consistently with increasing age (Fig. 4). Proteo-
glycan content in the Immature (Fig. 4A2) and
Mature (Fig. 4A3) groups were markedly lower
compared to the Neonatal (Fig. 4A1l). For the
Neonatal group, more intense GAG staining was
associated with the mineralized interface region,
within the matrix surrounding the hypertrophic
chondrocytes.

Type X Collagen, ALP Activity, and Mineral
Distribution

Type X collagen distribution at the insertion was
both region- and age-dependent. It was localized
exclusively in the Mineralized Interface region
(Fig. 5A), and associated in a relatively thin layer
with hypertrophic chondrocytes in both the Neo-
natal (Fig. 5A1) and Immature (Fig. 5A2) groups.
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Figure 4. Proteoglycandistribution at the insertion as
a function of age. Alcian Blue staining: (A1) Neonatal,
(2) Immature, and (3) Mature. Proteoglycans are found in
the Interface region for all age groups, and the staining
intensity decreases with age, which is consistent with the
formation of a fibrocartilage-like interface in the Mature

group.

Type X collagen distribution increased with ske-
letal maturity, and positive staining was observed
across the Interface region for the Mature group
(Fig. 5A3).
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Figure 5. Age-dependent changes in type X collagen
deposition at the ACL-to-bone insertion. Immunohisto-
chemical staining for type X collagen: (A1) Neonatal,
(2) Immature, and (3) Mature. Type X collagen is found
exclusively in the Mineralized Interface region in the
Neonatal and Immature groups, especially within
the matrix surrounding hypertrophic chondrocytes. The
Neonatal group exhibits the lowest type X collagen
staining, while the highest staining intensity is found
in the Interface region of the Mature group.
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The strongest ALP activity (in blue) was found at
the Bone region, and positive staining was also
observed in the Interface (Fig. 6A). The ALP
activity in both the Bone and Interface regions
decreased with age, with the highest enzyme
activity seen at the Interface region of the Neonatal
group (Fig. 6A1), followed by the Immature and
Mature groups. ALP activity became localized in
the Mineralized Interface region with age, while
greater staining intensity was associated with the
hypertrophic chondrocytes in the Neonatal group.
Mineral distribution at the insertion was both
region- and age-dependent. For the Neonatal group
(Fig. 6B1), Von Kossa staining (in black) showed
highly positive and dense phosphate intensity at
the Bone region and surrounding the hypertrophic
chondrocytes. No mineral was detected in the
Ligament or Nonmineralized Interface regions.
As the animal aged, mineral distribution became
increasingly localized in the Mineralized Interface
and Bone regions (Fig. 6B2 and 6B3). In addition,
the mineral density for the Mature group was
greater compared to the two other age groups
examined in this study.

DISCUSSION

We have conducted a systematic characterization
of the matrix organization, composition and
mineral distribution at the ligament-to-bone in-
sertion, and have found both region- and age-
dependent changes across the insertion site.
The ACL inserts into bone through a gradual
transition from the Ligament region to a Non-
mineralized Interface region, followed by a Miner-
alized Interface region and then the Bone region.
Matrix proteins commonly associated with the
insertion include collagen types I, II, III, and X,
GAG and decorin.?*"2¢ Type I collagen was
observed in all four regions in this study, and its
distribution did not vary significantly with age.
Niyibizi et al. examined type I collagen distribu-
tion in mature bovine medial collateral ligament
insertion, and found that type I collagen was
located primarily in the Ligament and Bone
regions.?’ Type I collagen was also found in the
Integface region of adult rat supraspinatus ten-
don.

COMP is a member of the thrombospondin
family of proteins.?® It was first identified in
cartilage,?® and has been reported in tendons at
regions of compression and tension.?’ In this study,
COMP was observed in both the Mineralized and
Nonmineralized Interface regions, and continued
to be present as the animal matured. Occasionally,
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Figure 6. Age-dependent changes in alkaline phosphatase (ALP) activity and mineral
distribution at the ACL-to-bone insertion. (A) ALP activity, and (B) Mineral distribution
via Von Kossa staining, with (1) Neonatal, (2) Immature, and (3) Mature. The ALP
activity is the highest in the Neonatal group, followed by the Immature and the Mature
group. For the Mature group, ALP activity is present only in the Mineralized Interface
region. Mineralization is located in the Mineralized Interface and Bone regions for all age
groups, and mineral staining intensity increased with age.

higher intensity stain was seen at the juncture
between the Ligament and the Interface regions as
well as between the Interface and the Bone regions.
This is likely related to significant changes in the
nature of mechanical stress progressing from
ligament to fibrocartilage and from mineralized
fibrocartilage to bone. The COMP protein may play
arole in mechanotransduction across the interface,
and its effect will be investigated in future studies.
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Age-dependent changes in both the thickness
and structural organization of the insertion were
found in this study. Interestingly, a hyaline
cartilage-like interface was observed in the Neo-
natal and Immature groups, while a fibrocartilage-
like interface®! was found in the skeletally Mature
group. Hypertrophic chondrocytes were distribu-
ted in clusters with a pericellular matrix contain-
ing types II and X collagen in all age groups
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examined. In general, cell aspect ratio decreased
from the Ligament region to Bone, representing the
change from elongated fibroblasts to spherical
chondrocytes, followed by hypertrophic chondro-
cytes of the Mineralized Interface region. These
age-dependent changes suggest an active remodel-
ing of the interface over time, with the primary
modulator being the nature and magnitude of
physiological loading experienced at the insertion
during maturation.

Both regional and age-dependent changes in
proteoglycan or GAG distribution were found at the
insertion. Sulfated GAG was primarily observed at
the Interface regions, with intense GAG stain
observed in the Neonatal group. Proteoglycan
presence at the interface diminished as the inter-
face matured. The mode of collagen insertion across
the interface varied as a function of age. The
oblique insertion of collagen fibers found immedi-
ately postnatal were absent in the skeletally
mature animal, replaced by a more organized
insertion with continuous collagen fibers traver-
sing the Interface region and perpendicular to
the Bone region. This specific orientation of the
collagen fibers is likely reflective of the direction of
tensile loading found across the insertion site.

It is well established that the Interface region
consists of a linear transition from nonmineralized
to mineralized tissue.'*'®32736 The demarcation
between these two interfacial regions is often
difficult to define; thus, several methods were
used in this study to delineate these two regions.
ALP activity, type X collagen distribution, and
phosphate distribution were examined across the
interface region. ALP is an enzyme required in cell-
mediated mineralization, and type X collagen,
synthesized by hypertrophic chondrocytes, is an
important marker for endochondral ossification.
We found a thin layer of type X collagen surround-
ing hypertrophic chondrocytes, and areas of ALP
activity and mineral distribution corresponded to
the mineralized regions.

It has long been postulated that the principal
function of the insertion site between bone and soft
tissue is to minimize the formation of stress
concentrations, and to facilitate stress transfer
between these two distinct types of tissue.>*” The
observed sequential arrangement across the inser-
tion from ligament to nonmineralized interface,
followed by the mineralized interface and finally
bone will likely result in an increase in mineral
content. Preliminary results from our group
demonstrated that the mechanical properties at
the ligament bone interface were region-depen-
dent, with an increase in elastic modulus from the
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nonmineralized to the mineralized interface region
in the Neonatal group.®® We believe that the
progression from soft-to-hard tissue facilitated a
gradual change in stiffness across the interfacial
regions, effectively lowering the stress concentra-
tion at the insertion sites. Higher ALP activity was
found in the Neonatal and Immature groups,
suggesting the potential for mineralization and
the ability of the growing interface to adapt to
physiological loading. The increase in mineral
density with age is indicative of the maturation of
the calcium phosphate matrix, providing further
evidence that the interface undergoes adaptation.

Considering Wolff's law®® and the structure—
function relationship of biological tissues, we
believe the findings of this study collectively
suggest that the composite organization of the
Mature insertion, in which highly oriented collagen
fiber are embedded in a proteoglycan matrix, is the
result of adaptation to the stress distribution or
physiological loading present at the interface.
Applied tensile loading may expose insertions to
tensile, shear, and compressive stresses, and
ultrasound elastography analysis revealed that
both compressive and tensile strains are present
at this insertion site.!®%° The tensile stress at the
interface is likely transmitted by the collagen
fibers, while the proteoglycan and type II col-
lagen-rich matrix will transmit the compressive
loads. These results suggest a dynamic stress
profile, which varies as a function of age. It is
possible that during maturation, the accumulated
mechanical loading at the insertion is age depen-
dent, resulting in adaptation in matrix organiza-
tion and composition at the interface.

In summary, through a systematic character-
ization of the interface, both region-dependent as
well as age-dependent changes in matrix organiza-
tion and composition were found at the ligament-to-
bone insertion site. Future studies will focus on
elucidating the structure—function relationship
existing at this and other soft tissue-to-bone
interfaces.
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